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ABSTRACT 


A preliminary aaaessmenc of three conceptual point-focusing 
distributed solar modules is presented in this report. The basic 
power conversion units consist of small Bray ton or Rankine engines 
individually coupled to two-axis, tracking, point-focusing solar 
collectors. An array of such modules can be linked together, via 
electric transport, to form a small power station. Each module also 
can be y.iilizedr on a stand-alone basis, as an individual power source. 

In the present study the technical evaluation and economic 
analysis were treated separately. Each system concept was optimized 
by maximizing the thermal output per unit of concentrator area. 

System performance was then simulated based on the insolation data 
recorded at Barstow, California (in 1976). Parametric studies 
concerning concentrator quality and power conversion efficiency were 
conducted to provide relevant sensitivity relationships and trade-off 
information. Hardware cost targets were assessed According to the 
system energy production rate (kWe-hr/yr), and a range of projected 
energy cost levels (mills/kWe-hr) . The trade-off relationship can be 
utilized as a realistic guideline for establishing concentrator 
manufacturing requirements and power conversion development targets. 

The objective of this investigation is to provide a method of 
screening candidates for Point-Focusing Distributed Receiver Solar 
Thermal Systems. Reliable hardware cost estimates are not available 
at the present time. It is expected that system cost projections will 
have large uncertainties because they are strongly affected by 
technology advancement and market penetration situations. The 
approach adopted in the present study is to calculate the capital 
investment that would be justified to supply energy at a range of 
energy costs, assuming a range of performance factors. These 
relationships can be used whenever updated hardware costs are obtained 
or whenever proven component performance data are obtained (e.g., 
improvements in concentrator quality and power conversion efficiency). 
The strategy is to screen out the least cost effective options that 
occur within the specified time frame, considering the technological 
maturity of different power conversion schemes and the degree of 
readiness of the concentrator manufacturing industry. 

The justified capital cost of small (13 kWe output) gas Brayton 
systems at 816°C (1500°F) and steam Rankine systems at 538®C 
(1000°F) has been compared for a range of energy cost values. 

Accurate values for the efficiency of small power conversion 
subsystems are not available. However, the current assessment is 
approximately 35% for Brayton power conversion efficiency, and 25 to 
30% for steam Rankine. The results obtained indicate that the Brayton 
system merits a higher capital cost than the Rankine system for an 
energy cost target of 50 mills/kWe-hr, if the concentrator quality is 
in the range of 1 to 4 mrad. It is expected that the cost of Brayton 
concentrators will be greater than the Rankine concentrators. 
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SECTION I 


INTRODUCTION 


Distributed solar power generation concepts with modules 
consisting of two-axis, tracking, point-focusing collectors are 
considered a viable and attractive method of producing electric power 
and for providing process heat. The major merit of the concept lies 
in its high performance capability and its use of subsystems that can 
be mass-produced at low cost. In addition, modules can be assembled 
in the quantity needed to achieve the power requirements at a 
particular site, with modules added as the load requirements grow. 

JPL currently is conducting projects for the Department of Energy for 
development of low-cost, high performance options of point-focusing 
distributed systems. A number of power conversion and energy 
transport options have been considered (Refs. 1 and 2). The current 
phase of investigation is limited to electrical transport concepts 
with near-term power conversion technology utilizing Brayton and 
Rankine cycles. 

A representative point-focusing distributed solar thermal module 
(see frontispiece) consists of two major subsystems: the solar 

collector and the power conversion unit. The conversion process of 
solar energy into electric power is illustrated in Figure 1-1. Direct 
normal insolation that impinges on a two-axis^ tracking concentrator 
ref lected to the receiver/absorber assembly, where thermal energy 
is transferred to the working fluid. The net thermal power is then 
utilized to operate a heat engine and generator to generate 
electricity at each individual module. Electric power production, 

Pq is determined by the collector thermal optical performance and 
the power conversion efficiency 

Pe = Qc * 

where 


Pg = electric power production 

Qg = net thermal power delivered from receiver to power 
conversion subsystem 

T] - power conversion efficiency at the operating 
condition. 

The economic viability of a solar thermal power conversion 
system depends primarily on the cost effectiveness of the collector 
design and the power conversion efficiency. Current activities of the 
Point Focusing Distributed Receiver (PFDR) Technology Project are 
concentrated on industrial development of critical subsystems; namely, 
concentrators, receivers, and power conversion units (Ref. 3). 

Systems engineering efforts are concentrated in three general areas: 
(1) participation in design team activity to coordinate and to 
integrate subsystem development and specifications, (2) establishment 
of hardware cost and performance targets, and (3) system definition. 
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Figure 1-1. Solar Thermal Energy Balance Relationship 



The objective of system definition is to select, based on projected 
commercial cost and performance, small power system options that will 
provide the most favorable life-cycle icost per unit of useful energy 
produced. 

This study presents a preliminary assessment of small 
(approximately 15 kWe output) point-focusing distributed receiver 
solar modules without storage. Steam Rankine and gas Brayton systems 
were selected for analysis because currently they are the candidates 
^^or the PFDR Technology Project (Ref. 3). In contrast, previous 
studies addressed a variety o£ distributed receiver f^t:»ncepts with 
internal or external storage for power plsnts' in the" size range of 10 
to 50 MWe (Ref. 4) and, more recently, in sizes less than 10 MWe (Ref. 

5)- 

Technical aspects of the principal subsystems (concentrators, 
receivers, and power conversion units) are reviewed in the Appendices. 
This information was used to assist in making subsystem selections for 
the candidate systems chosen for study herein. Concentrators have 
been reviewed in some depth because they are the most critical and 
costly subsystem for solar thermal power systems. Power conversion 
subsystem information was supplied by the NASA Lewi d Research Center. 

A. OBJECTIVES 

The main purpose of this investigation is to establish a cost/ 
performance frame of reference for candidate point-focusing 
distributed receiver solar thermal systems that are to be developed 
for use in the early to mid 1980s time frame. One goal is to relate 
specific system configurations to justified capital investment. The 
specific objectives are to: 

• Develop a methodology appropriate for preliminary 
screening of candidate systems on the basis of performance 
and cost. 

• Demonstrate the methodology by application to baseline 
steam Rankine and gas Brayton systems. 

• Present results which are not based on specific 
assumptions of subsystem capital costs. Later, the 
results can be utilized when such costs become available. 


B. APPROACH AND METHODOLOGY 

All solar thermal systems are characterized by the fact that 
they require a high initial capital investment. The selection of a 
relatively low cost, high performance system involves detailed system 
optimization that maximizes the cost effectiveness of all candidate 
options. Such a complicated trade-off process requires an accurate 
system performance analysis and reliable cost information. Because 
the solar energy industry is still in a very early developmental 
stage, reliable mass production cost estimates are not now available. 
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Until better production cost information can be established by the 
manufacturing industry through subsystem development programs (such as 
the Low Cost Concentrator contracts currently underway between JPL and 
several companies), it is necessary to separata the cost and 
performance issues to compare different solar thermal concepts. One 
realistic and useful approach is to establish relevant cost /performance 
trade-off relationships for the candidate systems. Conditional 1 
assessments then can be conducted based on different projections of 
hardware cost/quality and technology progress. 

The proposed approach is significantly different from 
conventional methodology, in which the projected energy cost 
(mills/kWe-hr) of a specific system is computed based on system 
performance simulation and mass production hardware cost estimates. 

Such system comparative studies may lead to conflicting conclusions 
arising from inconsistencies in the input hardware costs, which are 
premature at this time. The adopted methodology is to establish the 
conditions in hardware cost and quality Chat enable a specified 
concept to be competitive under a projected energy cost scenario. 

These sets of conditions or requirements can be judged against current 
and projected technology status. Candidate systems can be cataloged 
according to the anticipated degree of difficulty for the concept to 
be competitive. The critical information needed for performing system 
selection is a realistic assessment of the future technology readiness 
and hardware cost projection. System concepts will be ranked in an 
order that indicates the likelihood that the subsystem costs will meet 
the concept goal when the concentrator quality and power conversion 
efficiency are specified. 

Basically, this investigation is focused on a trade-off 
relationship between three key parameters: concentrator surface 

quality, receiver temperature, and power conversion efficiency. 


C. COST AND PERFORMANCE TARGETS 

Initial project cost targets for the various subsystems are 
shown in Table 1-1. These target costs, in 1978 dollars, include 
expected reductions due to mass production. For concentrators and 
receivers the expected reduction for mass production is a factor of 
five, and for power conversion units is a factor of ten. The values 
given in Table 1-1 must be realized to achieve an energy cost target 
of approximately 50 to 60 mills/kWe-hr in the post-1985 time frame. 

It should be emphasized that these are capital costs per unit size or 
capacity. 

Initial performance targets are shown in Table 1-2. Collector 
efficiency, which is the product of concentrator and receiver 
efficiency, includes concentrator reflectivity and blockage, receiver 
efficiency, and transport losses from receiver to power conversion 
unit. Of course, transport losses are negligible when the power 
conversion unit is close-coupled to the receiver mounted at the 
concentrator focal plane. As will be shown later, it is ambiguous to 
cite a collector efficiency target unless the insolation design point 
and the concentrator surface quality also are specified. Also, it is 
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Table 1-1. Initial Cost Targets for PFDR Technology Project 


Subsystem 

FY 1982 

First Generation 

FY 1985 

Second Generation 

Concenurators 

$100-150/m2 

$70-100/m2 

Receivers 

$30/kWe 

$20/kWe 

Power Conversion 

$75/kWe 

$60/kWe 


important to point out that present information is not sufficient to 
relate concentrator cost to size and surface quality. When this 
information becomes available more accurate cost and performance 
targets for PFDR solar thermal systems can be established. Power 
conversion efficiency at rated or full-load electrical power output is 
the product of heat engine efficiency and the generator or alternator 

efficiency; it does not include power conditioning. It will be a 

challenge to achieve the performance targets given in Table 1-2 for 
items in large-scale mass production. 

The values given in Table 1-2 do not include allowance for 
thermal (internal) or electric (external) storage. For illustrative 
purposes, it is useful to relate the relative energy cost with overall 
system efficiency and collector cost (including receiver) per unit of 
concentrator area. One such example is shown in Figure 1~‘2, which is 

a typical case calculated previously for a 10 MWe power plant with a 

capacity factor of 0.35. This example indicates the strong effect 
that collector cost and system efficiency have On energy cost for PFDR 
solar thermal systems. 


Table 1-2. Initial Performance Targets for PFDR Technology Project 


Major 

Subsystem 


FY 1982 FY 1985 

First Generation Second Generation 


Collector Efficiency 72% 

Power Conversion Efficiency 25-35% 

System (Overall) 18-25% 


78% 

35-45% 

27-35% 
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Apart from an electrical output, PFDR systems can be utilized 
for thermal output that can be extracted at the exit of the receiver 
or the thermal transport subsystem for applications such as process 
heat. There is a unique relationship between energy cost for 
electrical output and thermal output that depends solely on power 
conversion efficiency (and appropriate unit conversion factors) 
irrespective of any economic assumptions. This relationship is shown 
in Figure 1~3. An energy cost target of $5 per million Btu of thermal 
output will yield an energy cost target of 50 mills/kWe**hr if the 
power conversion efficiency is 35%. 
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ENERGY COST, ELECTRIC OUTPUT, millf/kWe - hr 



ENERGY COST, THERMAL OUTPUT, $/M Btu 

Figure 1-3. Equivalence of Electric and Thermal-Output Energy Cost 




SECTION 11 


SYSTEM PERFORMANCE EVALUATION 


A. BASIC CONSIDERATIONS 

The methodology for assessing candidate systems were developed 
in FY 1978 and will be refined, broadened, and improved to meet needs 
anticipated for the future. Simplifications were introduced to enable 
a timely approach to achieve early results. Candidate PFDR systems in 
the nominal range of 15 kWe output were examined initially with regard 
only to performance and justified capital cost. Emphasis was placed 
on single-dish modules with the power conversion unit mounted at the 
focal point. Later, systems consisting of multiple dishes connected 
to a larger ground-mounted power conversion unit will be analyzed to 
examine the trade-off between engine size and efficiency, and 
transport losses. 

1. Ground Rules for the Study 

Basic ground rules for the study are as follows: 

(1) Only solar thermal-electric power production is 
considered. Hybrid modules utilizing fossil fuels and 
total energy systems were excluded from consideration. 

(2) Only single PFDR modules are considered, not large power 
plants. Paraboloidal dish-concentrators are utilized. 

(3) The baseline modules are assumed to displace energy only, 
so that thermal/electric storage is not required. This 
assumption effectively decouples the performance analysis 
from the economic analysis. 

(4) The power conversion unit is assumed to be dish-mounted 
(close-coupled to thermal receiver) so that transport 
losses are negligible. This assumption tends to favor 
Brayton systems, which intrinsically would have higher 
transport (to ground) losses than lower temperature 
Rankine systems if dish mounting were not employed. 

(5) Candidate baseline systems are steam Rankine and gas 
Brayton (both open- and closed-cycle). The systems are 
sized accordingly to yield 60 kWth output from the 
receiver at design point insolation. 

(6) Operating and maintenance costs are not included. This 
assumption is conditionally valid because it does not 
affect the results of the parametric approach 
significantly. 

(7) The analysis applies only for quasi -steady operation; 
transient performance arising from rapidly varying solar 
insolation (changing cloud cover) is not considered. 
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(9) 


Solar insolation data from Barstowi California (1976) is 
used to determine annual energy production. 

V. i • 

Concentrator surface quality is ba6ed on the so-called 
"standard deviation" definition, not the "scatter-sun" 
definition. 


I 2. Analysis Procedure 

} Concentrator quality (slope error), operating temperature, power 

' conversion efficiency, and energy cost are treated as variables in a 

sensitivity analysis. However, operating temperature was selected in 
accordance with the specified power conversion subsystem, i.e., 

Rankine or Brayton, and the nominal power output was preselected to be 
15 kWe. General steps in the analysis procedure are as follows: 


(1) Define the design point for solar insolation. 

(2) Specify (and vary) concentrator quality and operating 
temperature of system module. 


(3) Calculate optimum receiver aperture size. 

(4) Calculate annual thermal energy collected. 


(5) Specify (and vary) power conversion efficiency. 


(6) Calculate annual electric output. 

(7) Specify (and vary) energy cost. 

1 . , ■ 

(8) Calculate justified capital investment. 

The results are displayed in a variety of charts. 


3. Reference Insolation Environment 


Barstow, Calif., where a solar thermal pilot plant will be 
located, is the insolation data base selected for the present study 
(Ref. 6) Direct normal insolation was measured with normal incident 
pyrheliometers in 13 minute intervals, by the Southern California 
Edison Company acting in conjuction with the West Associates Solar 
Resource Assessment Project (Ref. 7). Instrument and hardware outages 
resulted in a data loss of 80 hcnirs in 1976* between 7 a.m. and 7 p.m. 
These included six complete days (May 12, December 9, 13, 14, 18, 19), 
and two partial days (May 11 and 13). The total annual accumulated 
insolation (discounting the missing data) was 2631 kW-hr/m^. The 
maximum recorded insolation level was 1.036 kW/m^, and occurred on 
March 12, 1976 at 11:45 a.m. Figure 2-1 shows the histogram of 
insolation levels. The raw recorded data were modified by Aerospace 
Corporation (Ref. 8) to fill in the missing data using established 


*A leap year 
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Figure 2-1. Solar Insolation Histogram (Barstow, Calif., 1976) 



calculation procedures. Insolation data below 0.15 kW/m^ was 
discarded (Figure 2-1) because off-zero night readings were judged to 
be erroneous; i.e.y instrument readings did not return to zero at 
night. Note that large differences between the raw data and modified 
data are evident at the high insolation levels (Figure 2-1); this is 
due to the data modification assumptions used by Aerospace Corporation. 

The total accumulated annual insolation using the modified 
Aerospace data was 2848 kW-hr/m^, which is 217 kW-hr/m^ higher 
than the recorded raw data (approximately 82). A comparison of the 
two histograms (Figure 2-1) indicates that the major difference 
between the recorded raw data and the modified data was in the 
insolation band between 0.95 to 1 kW/m^. The daily profiles are 
illustrated in Figure 2-2 for suomer and winter solstices. Note that 
clouds appeared in the afternoon of December 22, causing a rapid 
insolation declinh. A multiplying factor was used to convert the 
measured raw data to the absolute scale (Ref. 8). For the present 
analysis the modified Aerospace Corporation insolation data tape was 
selected for use. To determine the sensitivity to insolation inputs, 
however, the raw data also were used to process several cases. 

4. General Subsystem Considerations 

To place the present study in a more meaningful context a 
detailed revievy^ of concentrators, receivers (together called the 
collector, in conventional terminology) and power conversion units is 
given in the Appendices. The interested reader may consult the 
Appendices for more background information. 

Concentrators are discussed in Appendix A with reference to 
optical transmission characteristics (including surface slope error), 
existing configuration concepts, and concentrator quality. The last 
topic includes slope error measurements, flux mapping (at the 
concentrator focal plane), and calorimetric measurements. Receivers 
are discussed ih^Appendix B with reference to cavity radiative 
characteristics, Eolar absorber arrangements, and receiver heat 
losses. A brief review of Brayton aind Rankine cycles is given in 
Appendix C. 

A two-axis, tracking, point-focusing solar collector is composed 
of a dish-type concentrator, a receiver, and associated conduits/ 
piping to transport the working fluid to the power conversion unit. 

The net thermal power delivered to the power conversion subsystem is 
expressed as: 

Qc “ lAgG $ gff - Qr ~ Qt (2.1) 

where 

p = solar reflectance of concentrator mirror 
I = direct normal solar insolation 
A<j = effective concentrator aperture area 
G = geometrical factor for shading and blocking 
$ - receiver interception factor, fraction of the total 

energy at the focal plane that is intercepted by the 
receiver aperture 
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®eff * effective solar absorptance of the receiver cavity 
Qr « receiver heat loss 
I Qt * transport line loss 

The ge^nnetrical shading factor, G, for a point-focusing collector 
consists of two parts: (1) the shading on reflector surface or 

blocking of the receiver by supporting structure, and (2) the shading 
by neighboring concentrators at low solar elevation angles. The 
structural shading/blocking is determined by the design and would 
remain unchanged throughout the operating hours. Shading by 
neighboring concentrators is, on the other hand, a function of the sun 
position and latitude, the field layout, and the tracking scheme. 
Conventional tracking schemes generally are based, on sequential 
rotation around orthogonal axes of the surface. In general, two 
successive rotational motions around two different axes are required 
to track the sun. Azimuth-elevation mounting, and polar mounting, are 
the two most commonly employed schemes for two-axis , sun-tracking 
collectors. Detailed discussion of the tracking/ pointing mechanism is 
given in Reference 9. 

Although the present study is confined to single modules, it 
will be useful to consider briefly the effects of mutual shading by 
adjacent concentrators in a field array. Figure 2-3 illustrates the 
shadow pattern of a square concentrator with an Az-El tracking mount 
(Ref. 10). The minimum distance between the centers of two adjacent 
concentrators is the concentrator diameter, so there is no mechanical 
interference during installation, operation and maintenance. In 
practice, the spacing must be larger. Obviously, sufficient 
separation must be maintained to minimize shadowing of neighboring 
concentrators. There is a preference for arranging rows along a 
north-south direction. Because the shadow lengths are shorter in the 
north-south direction (Figure 2-3), collectors can be spaced more 
closely in the north-south direction than in the east-west direction. 
In general, field layout is important to minimize transport losses and 
maximize land utilization. These considerations are not relevant to 
the present preliminary study, which is limited to single modules. In 
Eq. 2.1, Qj. is zero because the power conversion systems are close- 
coupled to the receiver at the focal location. 

The interception factor ^ in Eq. 2.1 includes the effects of 
pointing/tracking error, and concentrator surface quality. 


B. CANDIDATE SYSTEMS 

Three candidate systems for point-focusing distributed receiver 
solar thermal electric power generating modules are discussed in the 
following sections. These candidates include baseline steam Rankine 
and gas Brayton concepts (open-cycle air and closed-cycle air) as 
reference, systems (Ref. 3) and may differ significantly from final 
system designs adopted by the Project. The basic make-up of a module 
consists of a two-axis, point-focusing concentrator, a cavity-type 
receiver and a power conversion subsystem mounted near the receiver. 




Figure 2-3. Concentrator Shadow Pattern (Latitude 35° N) 











1. Baseline Steam Rankine System 

The schematic of the baseline Rankine system is illustrated in 
Figure 2-4 (Ref. 11). The power conversion unit specified vises a two- 
stage reciprocating steam engine directly coupled to the electric 
alternator. About 18Z of the steam extracted from the high pressure 
cylinder outlet is fed into the feed water heater directly to add 
sensible heat and to improve the overall power conversion efficiency. 
The air-cooled condenser is mounted directly on the engine assembly. 
Both are mounted to the receiver. The total weight of the power 
conversion unit is estimated to be 283 kg <625 lb). The condenser 
unit is air-cooled with a 0.82 kW (1.1 HP) fan. The design 
specification of the steam Rankine power conversion is listed in Table 
2-1, Efficiency can be increased further by employing a reheat cycle 
in which additional heat from the receiver is furnished to the steam 
as it passes through the connecting lines between the high temperature 
and low temperature stages of the expander. Schemes for water-cooling 
the condenser offer some potential for increasing cycle efficiency and 
for decreasing the fan power consumption. 

The receiver is considered to be a cylindrical cavity with coil- 
type absorber (Ref. 12). Because the heat transfer characteristics 
are significantly different for water preheating, boiling and 
superheating, the design includes a separator between the boiler and 
the superheater sections. In addition, sufficient transient storage 
is considered to provide enough thermal inertia for transient 
operations. The baseline design specification is shown in Table 2-2. 
The rated efficiency of the receiver is governed by the heat loss, 
which is dictated by the concentrator quality (sea later section. 
Receiver Aperture Optimization). 

2. Baseline Bray ton Systems 

The schematics of the baseline open-cycle (air) and closed-cycle 
(air) Brayton systems are shown in Figures 2-5 and 2-6, respectively 
(Ref. 13). The power conversion units are recuperated turbines with 
the required variable gear ratio to drive an alternator. The 
turbocorapressor unit weighs around 91 kg (200 lb) and the alternator 
weighs less than 91 kg (200 lb). Both systems (with recuperators) 
have nominal operating temperatures at 816*^0 (1500°F). For open 
air cycle operation, ambient air is passed through a filtered 
evaporative cooler at 27°C (80®F) before entering the compressor. 

In the recuperator, the compressed air receives thermal energy from 
the hot turbine exhaust before entering the receiver. The recuperator 
exit to ambient temperature is around 149-204°C (300-400®F) 
depending upon the effectiveness of the recuperator. For closed-cycle 
operation, the working fluid is compressed, heated to an intermediate 
temperature in the recuperator, and heated finally to the required 
temperature of 816°C (1500°F) in the receiver. The gas is then 
expanded through a turbine. Turbine exhaust gas is first cooled in 
the recuperator, and then in the cooler (radiator), to the minimum 
temperature before delivery back to the compressor. The design 
specifications and operating conditions of the baseline open- and 
closed-cycle Braytons are compared in Table 2-3. 
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Figure 2-4. Schematic of Baseline Steam Rankine System 





Table 2-1. Baseline Specifications of Steam Rankine Power 
Conversion Subsystem 


Defined Parameters (reciprocating steam Rankine cycle direct shaft coupled 

to 60 Hz alternator) : I 


Rated Capacity 
Overload capability 
Overall power conversion efficiency 
(including AC generator and auxiliary 
power requirements for fluid pumping 
and condenser cooling fan. No reheat 
included) 

Mass flow rate to high pressure (HP) 

20 kWe ± 5 kWe 
1202 

25% ± 52 

side of engine 

79 kg/hr 

(174.3 Ib/hr) 

Engine HP inlet temperature 

538°C 

(lOOOOp) 

Engine HP inlet pressure 

102 atm 

(1500 psia) 

Enthalpy at engine HP inlet 

3458 kW-sec 
kg 

(1490 Btu/lb) 

Engine HP outlet temperature 

204OC 

(400°F) 

Engine HP outlet pressure 

8.2 atm 

(120 psia) 

Enthalpy at engine HP outlet 
Mass flow rate t« tow oressure (LP) 

2845 kW-sec 
kg 

(1226 Btu/lb) 

side of engine 

64.3 atm 

(141.7 Ib/hr) 

Condenser inlet temperature 

6 IOC 

(1410F) 

Condenser inlet pressure 

0.2 tm 

(3.0 psia) 

Enthalpy at condenser inlet 

2413 kW-sec 
kg 

(1040 Btu/lb) 

Condenser outlet temperature 

50®C 

(1260F) 

Condenser outlet pressure 

0.14 atm 

(2.0 psia) 

Enthalpy at condenser outlet 

218 kW-sec 
kg 

(94 Btu/lb) 

Feedwater inlet pressure 
Steam extraction flow rate to 

8.2 atm 

(120 psia) 

feedwater heater 

14.8 kg/hr 

(32.6 Ib/hr) 

Feedwater preheater outlet temperature 

1690C 

(335OF) 

Feedwater preheater outlet pressure 

7.5 atm 

(110 psia) 

Feedwater pump power required 

0.45 kW 

(0.6 Hp) 

Condenser cooline fan power required 

0.82 kW 

(1.1 Hp) 

Operating speed 
Alternator efficiency 
Generated power 

Engine weight including feedwater 


1800 rpm 
0.91 

110/208 volts AC 
60 Hz 

system and condenser 

129 kg 

(285 lb) 

Generator weight 

131.5 kg 

(290 lb) 

Mounting brackets and hardware 

22.7 kg 

(50 lb ) 

Total estimated weight 

283 kg 

(625 lb) 
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Table 2-2. Baasline Steam Receiver Specification 


Solar Receiver (cavity type): 
Defined Parameters 


Power production 

60 kWth. 


Outlet steam temperature 

538°C 

(1000°F) 

Outlet steam pressure 

102 atm 

(1500 psia) 

Steam flow rate 

76 kg/hr 

(174.3 Ib/hr) 

Weight 

90.7 to 181 kg 

(200 to 400 lb) 

Derived Parameters 

dX between working fluid and tubes 

22^0 

(5QOf) 

Total pressure drop 

10.2 atm 

(150 psia) 

Inlet water temperature 

1730C 

( 3440 F) 

Inlet water pressure 

112 atm 

(1650 psia) 

Inlet enthalpy 

732.7 kW sec 
hg 

(315 Btu/lb) 

Fluid flow rate 

79 kg/hr 

(174.3 Ib/hr) 

Outlet enthalpy 

3458 kW sec 
kg 

(1490 Btu/lb) 

Enthalpy added (dh) 

2727 kW sec 
kg 

(1175 Btu/lb) 
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Figure 2-5. Schematic of Baseline Open Air Brayton System 
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Figure 2-6. Schematic of Baseline Closed-Cycle Air Brayton System 








Table 2-3. Baseline Specification of Brayton Cycle Systems 


Rated output 
Overload capacity 
Turbine inlet temperature 
Generated power 

Turbine ) Compressor and gear box weight 
Recuperator effectiveness 
Recupei^ator weight 
Alternator weight 


15 kW ± 5 kW 
120Z 

8160C (ISOOOP) 

120/240 ± 2Z volts AC 
60 Hz I 3 phase I 4 wire 

91 kg (200 Ih) 

0.9 

91 kg (200 lb) 

91 kg (200 lb) 


Open-Cycle Air 


Closed-Cycle Helium 


Turbine inlet pressure 


2.4 atm 
(35.3 psia) 


2.4 atm 
(35.3 psia) 


Cycle pressure drop 
A p/p 

Turbine exhaust 
pressure 

Turbine exhaust 
temperature 


0.08 

0.10 

1.03 atm 

13.6 atm 

(15.1 psia) 

(200 psia, bi 


pressure) 

636 °C 

546®C 

(11770p) 

(1015®F) 


Inlet temperature at 
recuperator 


138°C 

(280Op) 


1930C 

(380Op) 


Recuperator exhaust 
temperature 


1880C 

(370°P) 


2110C 

(412°F) 
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open- and closed-cycle systems each have their advantages and 
disadvantages. Open air systems, do not require system seals or 
radiative cooling, thus they would be more reliable and less complex. 
Furthermore, they allow relatively low recuperator exit temperature 
and pressure, which permits thinner absorber tube designs that result 
in more effective system performance. Previous studies of solar 
Bray ton modules (Refs. 14 and 15) favored open-cycle over closed-cycle 
systems mainly because of higher reliability (less O&M) and lower 
operating pressure. The closed-cycle Brayton system usually has a 
slightly higher cycle efficiency (2 or 3 percentage points), and the 
machinery is generally more compact compared to the open-cycle system. 
The closed-cycle system generally has a somewhat better part-load 
characteristic as well, which is particularly significant for solar 
applications. Working fluids, such as helium have better heat 
transfer properties than air, but higher system pressure levels are 
necessary because of the low molecular weight. All considered, the 
choice between open- and closed-cycle systems will depend on their 
future technology development, and the type of application. 

Brayton solar receivers, in general, differ significantly from 
steam receivers. First of all, high temperature materials such as 
Inconel, Hasteloy, or even ceramic absorbers may be needed. The high 
flow rate and low coefficient of heat transfer characteristics require 
a large heat transfer area and a large flow cross-sectional area. 
Typical Brayton receiver designs may employ a multiple tube 
arrangement, e.g., the so-called "bird-cage" type. Furthermore, phase 
change materials such as lithium fluoride or lithium chloride may be 
employed as a heat storage medium inside the receiver for transient 
operations (Refs. 16, 17, 18). The baseline specifications of the 
Brayton receivers are listed in Table 2-4. 

3. Power Conversion Part-Load Performance 

The power conversion efficiency of an engine subsystem typically 
is evaluated under specified, rated conditions. Because local 
insolation level varies with time (Figure 2-2), it is likely that a 
significant portion of solar thermal conversion will occur at 
conditions other than the design point. The engine part- load 
characteristics may vary substantially according to the type of 
engine, engine size, and mode of operation, e.g., constant speed or 
constant temperature. Three representative part-load engine 
characteristics are used in the present study for the three baseline 
systems (see Figure 2-7). The steam Rankine and open-cycle air 
Brayton characteristics were provided by NASA Lewis Research Center 
(Refs. 11 and 13, respectively). The closed-cycle Brayton part-load 
curve is represented by a 10 kWe Garrett-AiResearch gas turbine with 
constant turbine inlet temperature (Ref. 19). For convenience in 
computer simulation, the relative engine efficiency is expressed in 
terms of thermal heat input (from the receiver) rather than the more 
conventional power output. Of course, the basic relationship 
expressed in Eq. 1.1 remains true. Actual part-load characteristics 
may differ significantly from those shown here (Figure 2-7); 
nevertheless, these representative curves can be used to demonstrate 
the effects of off-design point operation. 
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Table 2-4. 


Baaeline Brayton Receiver Specification 


Thermal Energy Production 
Outlet Temperature 
Wei^t 



60 kWth at Iq ^ 0.8 kW/m^ 
8160C (1500OF) 

91 kg (200 lb) 


Flow Velocity 

Total Heat Transfer 
Area Required (approx.) 

Mean Temperature 
Differential 

Absorber Tube I.D. 

Tube Length 

No. of Tubes 


Open-Cycle Air 

15 to 30 m/sec 
(50 to 100 ft/sec) 

2 m2 (21 ft2) 

93®C (200OF) 

0.48 cm (0.188 in) 
73 cm (2.4 ft) 

180 


Closed-Cycle Helium 

15 to 30 m/sec 
(50 to 100 ft/sec) 

0.6 m2 (6.4 ft2) 

93°C (2Q0OF) 

0.48 cm (0.188 in) 
73 cm (2.4 ft) 

55 


Generator/alternator efficiency also varies with part-load and 
in the same manner as gear boxes used with high speed machines (see 
Ref. 20 and Appendix A of Ref. 5). A promising development for 
eliminating gear boxes is the field-modulated alternator (Ref. 21), 
which is a small, light weight, low cost, high speed device. 

4. Concentrator Specification 

The solar concentrator design selected for analysis is a dish 
that resembles a paraboloid. It may be any of the nine basic types 
discussed in Appendix A. The reflector surface is a second surface 
mirror that covers most of the concentrator surface except for a 3 m 
diameter area directly beneath the receiver. The general 
specifications of the concentrator are listed in Table 2-5. The slope 
error and dish size requirements are interrelated and will be 
discussed in a later section. 
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Figure 2-7. Representative Part-Load Engine Performance 
Characteristics 
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Table 2-5. Concentrator Design Parameters 


Reflector 

Focal length to diameter ratio 
(f/D)* 

Structural Shading 
Pointing Error 
Slope Error 
Dish Diameter 

Weight supporting capability 
at the focal point 


X-. 

X 


'V 

Laminated float glass second surface 
m irr or reflectance » 0.83 


0.6 



0.10 SMS 

1 mrad to 10 mrad 
10 to 15 m 

455 to 628 kg (1000 to 1500 lb) 


*See Appendix A, Eq. A. 2. 


C. SYSTEM DESIGN CONSIDERATIONS 

1 . Module Size 

Each module of a point-focusing distributed system consists of a 
mechanically and thermally integrated set which includes a 
concentrator) a receiver, and a power conversion unit. One of the 
critical system design requirements is that the components be 
compatible with each other so that the entire module operates 
efficiently. Two factors determine the optimum module size from a 
cost-effective point of view. The governing factor lies in 
constructing a concentrator with the diameter that corresponds to a 
minimum cost per unit area ($/m2). Empirical relationships 
established at JPL (Ref. 22) during construction of many microwave 
antennas for the Deep Space Network (up to 60 m diameters or 212 ft) 
indicated that there is an optimal size for the antenna-type 
structure. For solar concentrators, the relationship is more complex 
because different types of configurations will have differing 
structural requirements and differing cost sensitivities , 

The second factor that affects the module size optimization is 
the cost/performance of receivers and power conversion units. Power 
conversion efficiency increases with the design power output. Fewer 
trackers, receivers, and power conversion units will be required for 
the entire system if a larger concentrator is used. Consequently, it 
is desirable to employ large solar concentrators within the limit that 
the cost-performance benefit can off-set the cost increase due to 
structural and wind load requirements. A detailed trade-off between 
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module capacity and concentrator size is complex and involves many 
parameters, such as concentrator quality, engine type, operating 
temperature, etc. 

Most of the information required to select an optimum cost 
effective module size is not available a>. the present time. Current 
subsystem development contracts let by the PFDR Technology Project 
utilize basically general guidelines instead of definitive 
specifications. The Low Cost Concentrator (LCC) development (Ref. 23) 
required the concentrator size to be in the range between 5 and 15 m 
(in diameter). Consequently, the receiver conceptual design must 
cover a range of capacities. Siinilarily the engine/generator assembly 
in development is considered to be rated at a nominal, approximate net 
power output of 15 kWe at the generator terminals. Because the 
hardware descriptions still are loosely defined, further alterations 
and adjustments of subsystem specifications to ensure compatibility 
between subsystems are anticipated during the developmental phase. 

The so-called Test Bed Concentrator (TBC), is the Mod 0 design 
and will be the earliest module developed for the PFDR Technology 
Project. It will precede the LCC or Mod 1 design (Ref. 3). The TBC 
has a nominal 11 m diameter dish concentrator. Without specifying the 
power conversion efficiency, which may vary somewhat during the 
development phase, a specification of 15 kWe engine output does not 
provide sufficient information to design a matching solar collector. 

On the other hand, it would be unrealistic to design a receiver to fit 
an 11 m diameter concentrator without specifying the dish quality 
(surface slope error). At the present time, the module size is 
characterized best by expressing the kilowatt thermal capacity of the 
receiver, and not by specifying the capacity of the power conversion 
unit or the concentrator size. In the present study, the nominal 
module size will correspond to a receiver thermal output of 
60 kWth at a given operating temperature and insolation design point. 
The value of 60 kWth is chosen merely for illustrative purposes; the 
final value, optimized for actual hardware, may differ from this. 

2. Insolation Design Point Selection 

The area required for a concentrator to provide a specified 
receiver output is a function of the design point insolation and the 
collector effectiveness. Figure 2-8 shows the concentrator area 
requirements as functions of the design insolation level, Igj to 
provide a 60 kW net thermal power to the engine. Two levels of heat 
loss coefficients, Q^/Ac = 0.01 and 0.1 kW/m^, are considered to 
illustrate the collector effectiveness. It is clear that 
significantly different concentrator sizes may be required depending 
on the design point selection. 

When the actual insolation level, I, is lower than the selected 
design pont, I^, it will be necessary to reduce the flow rate to 
maintain constant receiver outlet temperature. This implies that the 
engine will be operated at a part-load condition with a 
correspondingly degraded efficiency (Figure 2-7). However, when the 
actual insolation value is higher than the design value, the receiver 
output will exceed the rated capacity. If the limit (which 
corresponds to 120% of the rated engine capacity in this study) is 
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Figure 2-8. Concentrator Area Dependence on Insolation Design Point Selection 
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exceeded, the excess thermal energy must be discarded upstream of the 
engine to prevent resultant damage to the generator /alternator 
assembly. 

Annual energy production, W, is the accumulation of the 
time-varying electric power generation taking into account the 
variation in insolation and engine part-load characteristics. The 
integration process accounts for the time period that positive net 
thermal energy can be collected: 

W - \ /[{ip G *«eff “ Qr/Ac| Ac n/Ho]dt (2.2) 
for 

Ip G * “eff > Qr (2-3) 

where 

W = annual electric energy production 

tIq = rated power conversion efficiency 

T) = part-load power conversion efficiency 
Qr/Ac = receiver heat loss coefficient. 

Figure 2-9 shows the normalized integrated annual thermal energy 
production based on different engine part-load characteristics. The 
results were computed for 15 minute intervals using Barstow insolation 
data. It can be seen that the insolation data modification varies the 
annual energy collection by approximately 10%; however, this does not 
significantly change the design point selection. Similarly, the . 
differences in collector effectiveness change the annual plant output 
levels but yield almost the same optimal design point insolation. 

The optimal design point selection may be affected by the local 
insolation characteristics, the actual engine part-load 
characteristics, and the collector effectiveness. However, from the 
results shown in Figure 2-9, a selection of Ig = 0.8 kW/m^ would 
be a good compromise choice for all two-axis, point-focusing 
distribution systems considered herein. The maximiom mismatch would be 
expected to be less than a few percentage points. Note that there is 
a crossover in curves (Figure 2-9) at approximately Ig = 0.8 kW/m^. 

The crossover between the open-cycle and closed-cycle Brayton systems 
probably is due to the crossover in engine part-load characteristics 
used herein, see Figure 2-7. The part-load characteristic for the 
open-cycle system is relatively poor at low heat input but very good 
at high heat input, where it exceeds the closed-cycle curve; the 
opposite is true for the closed-cycle characteristic. The trends are 
partially offsetting. 

3. Receiver Aperture Optimization 

The performance of a collector is dominated by the quality of 
the concentrator, particularly the surface slope error, Og. It is 
shown in Appendix A that a large value of concentrator surface error 
produces a widely spread solar image and thus requires a large 
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NORMALIZED ANNUAL THERMAL ENERGY PRODUCTION, W/tj A , kWe - hr/m^ - yr 



DESIGN POINT INSOLATION, 1^. kW/m^ 


Figure 2-9. The Effect of Design Point Insolation 
on Annual Energy Production Rate for a 
60 kW Thermal System 
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receiver aperture. Because the heat loss from the aperture is 
propcrticnal to the aperture area, the thermal performance of a 
collector can be related directly to the quality of the concentrator. 
Although the term "efficiency" is poorly defined for solar thermal 
systems) the performance of a receiver and a collector often are 
referred to by their rated efficiencies evaluated at the design 
condition) Iq. The net energy absorbed by the cavity aperture is 
partly conducted through the insulation layer to the ambient air and 
is partly transferred to the working fluid. The rated receiver 
efficiency) tr (^o)» defined in Eq. 2.4) is the ratio of the net 
energy absorbed compared to the total energy reflected feom the 
concentrator under the design point insolation) Iq. 


frr = i 


pG A 
o ^ c 


= a - 

eff 


hi G A 
P o c 


(2.4) 


The corresponding collector efficiency)!^ ^^o^’ defined in Eq. 2.5. 




= 


I A 






(2.5) 


The receiver aperture area should be selected to allow maximum net 
thermal energy collection. The heat loss from the aperture is 
proportional to the aperture area, Aq. As illustrated in Figure 
A-12 (Appendix A), the solar flux interception factor would reach a 
plateau when the radius becomes larger than the central core. 
Consequently the optimum cavity opening would correspond to an 
interception factor somewhat less than unity. In the present 
analysis, the receivers for both power conversion systems are sized to 
have a 60 thermal-kilowatt capacity. 

Figure 2-10 illustrates a specific case to show how receiver 
efficiency varies with aperture radius. The optimum cavity opening, 
and thus the rated solar collector efficiency, is governed by the 
thermal-optical properties of the concentrator (reflectance, surface 
error, and pointing error) and the effective receiver temperature. 

The example shown in Figure 2-10 does not take into account the 
conductive losses through the receiver walls. 

In the present study, the steam receiver has a water inlet 
temperature of 174^C. The absorber consists of a single tube coil 
with a heat transfer area of 0.435 m^. The mean temperature 
difference between the tube surface and the working fluid is 28°C. 

The receiver design for the open-air Brayton system is significantly 
larger. Because of the low heat transfer coefficient of the working 
fluid and the high mass flow rate, the absorber requires nearly 200 
tubes with a total heat transfer area in excess of 3 m^ (for a mean 
temperature difference of 110°C), The external surface of the 


2-23 


EFFICIENCY, f (I ) 


0.97 

0.96 

0.95 

0.94 

0.93 

0.92 

0.91 

0.90 

0.89 

0.88 

0.87 

0.86 

0.85 



NOTE: THIS ILLUSTRATIVE EXAMPLE INCLUDES ONLY HEAT LOSSES FROM 
THE RECEIVER APERTURE AND NOT THE CONDUCTIVE LOSSES 
THROUGH THE WALLS. 


Figure 2-10. Receiver Aperture Optimization 
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cavity receiver is covered with a 13-cm layer of insulating material 
(with an average thermal conductivity of 0.052 W/m*“^C) to reduce the 
conductive heat loss. 


D. PERFORMANCE SIMULATION 

The performance of a point-focusing solar thermal power plant is 
affected by many variables , each having its own cost relationship and 
performance sensitivity. However, three of the design parameters, 
namely concentrator quality, receiver temperature, and engine 
efficiency, have a dominating significance. They not only are the 
major factors governing the system performance and capital investment, 
but they also are strongly influenced by the state of technology 
advancement. This investigation is focused on the trade-off 
relationship of these three key parameters because they control the 
optimal selection of solar thermal power system concepts. 

For all system concepts, the effect of mirror reflectance has a 
nearly linear relationship with the system performance. For the 
present analysis a representative reflectance value of 0.83 is 
assumed, and concentrator quality is considered to be characterized by 
just the surface slope error. The operating temperatures selected for 
baseline Rankine and Brayton systems are 538^0 (lOOO^F) and 
816®C (1500°F), respectively. Consequently, the major trade-off 
parameters become concentrator surface error, Og, and rated power 
conversion efficiency, n©. 

1. Rated Collector Performance 

The rated receiver efficiency (at Iq = 0.8 kW/m^) is shown 
in Figure 2-11 as a function of the concentrator slope error for an 
effective steam receiver temperature of 500°C, and an effective 
Brayton receiver temperature of 900®C. As the concentrator surface 
slope error increases the optimal aperture area also increases, which 
implies larger heat loss. Figure 2-12 shows that the corresponding 
interception factor also decreases. The net effect is reduction of 
the receiver efficiency and the rated collector efficiency. Figure 
2-13 shows the concentrator area requirements to provide 60 kWth 
(thermal power) under the rated conditions. 

The rated receiver efficiency and the collector efficiency 
were evaluated under an insolation level of 0.8 kW/m^. During 
system operations the actual insolation values may vary significantly, 
as vjould the collector efficiency. Figure 2-14 shows a sample 
variation of collector efficiency with the insolation level for 
various values of slope error. It can be seen that a specification of 
collectox* efficiency would lead to ambiguous conclusions unless the 
rated insolation and surface quality also ffere specified. In Figure 
2-15, the collector efficiency at the value of de sign point insolation 
is plotted as a function of surface slope error. For the steam 
Rankine system, a value of approximately 0g 4 mrad or better would 
be required to achieve the 1982 collector performance target value of 
0.72 (Table 1-2); the Brayton system would require Og <2 mrad. 
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SURFACE SLOPE ERROR, o^, mrad 

Figure 2-13. Concentrator Area Requirement for a Receiver of 
60 kWth Rated Capacity 






COLLECTOR EFFICIENCY, ^ (I) 



Figure 2-14. Collector Efficiency versus Insolation Level 
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Figure 2-15. Collector Efficiency versus Surface Slope Error 
at Design Point Insolation 
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2. Annual Electrical Energy Production 

The annual integrated electric energy production rates , W, are 
computed on the basis of the referenced Baretow insolation data as 
modified by Aerospace. The results are presented per unit of 
concentrator areay kWe-hr/m^-*yri so the merits of different system 
concepts can be evaluated on a comparable basis. Figures 2-16 y 2-17 y 
and 2-18 show the energy production rate as a function of the 
concentrator surface slope error and power conversion efficiency for 
steam Rankine, open-cycle air Brayton and closed-cycle helitim Brayton 
systems, respectively. The performances of open-cycle air Brayton and 
closed-cycle helium systems are almost identical (Figures 2-17 and 
2-18). 

It should be emphasized that the results obtained for these 
sample baseline systems are to be used as reference frames for more 
detailed design trade-off investigations in the future. The analyses 
were simplified by neglecting transport losses, system outage, 
scheduled maintenance, unscheduled repair, and dirt buildup/cleaning 
cycles. For simplicity, the baseline power plant is considered to 
displace energy only. In other words, the cost performance trade-off 
is based solely on annual energy production with no consideration of 
storage requirement. One result of this is that economic analysis is 
independent of the performance analysis. The next section describes 
the economic analysis. 
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Figure 2-18. Annual Electric Energy Production for the 
Baseline Closed-Cycle Air Brayton System 
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SECTION III 
ECONOMIC ANALYSIS 


A. METHODOLOGY 

The economic analysis utilized in this study is a parametric 
approach that can be applied to any energy production system. The 
energy cost analysis is based on the approach used at JPL for utility- 
owned solar electric power plants (Ref. 4). The energy cost equation 
takes the following form: 


(I * gi)'“ r , 

EC = ^ IfCR • CIp^ + CRF (OPp^ + MNTp^ + FLp^) (3.1) 


where 

EC = levelized busbar energy cost 

W = plant's annual electric energy production 

FCR - annualized fixed charge rate 

CIpv = present value of capital investment 

CRF = capital recovery factor 

OPpv = present value of the annual operating cost 

MNTpv = present value of the annual maintenance cost 

FLpv = present value of the annual fuel cost 

g£ == general rate of inflation 

d = (Yj,q - Yjj) is the number of years from the base 

year to the year of commercial operation. 

An earlier application of the methodology to solar thermal power 
systems can be found in Ref. 24. Operating and maintenance (O&M) 
costs are not included in the energy cost herein, because the baseline 
systems have not been defined in sufficient detail. The fact that O&M 
costs are not included in the anlysis does not affect the results of 
the parametric approach. The cost of fuel, of course, is zero. These 
assumptions reduce the energy cost equation, Eg. 3.1, to the following 
form: 


EC 


(1 + g.)'** • FCR • Cl 
pv 

W 


(3.2) 


Because all of the economic parameters were kept constant 
throughout the present analysis (see Table 3-1), the values for g£, 
d, FCR and the present value operator also remained constant. For 
constant W values, the energy cost (EC) therefore is directly 
proportional to the capital investment (Cl). Figure 3-1 presents a 
family of curves that relate the energy cost, EC, to the capital 
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Table 3-1. Economic Assumptions 


Factor 

Value 

System Operating Lifetime, years 

30 

Annual "Other Taxes" as Fraction of 
Capital Investment 

0.02 

Annual Insurance Premiums as Fraction 
of Capital Investment 

0.0025 

Effective Income Tax Rate 

0.40 

Ratio of Debt to Total Capitalization 

0.50 

Ratio of Common Stock to Total 
Capitalization 

0.40 

Ratio of Preferred Stock to 
Total Capitalization 

0.10 

Annual Rate of Return on Debt 

0.08 

Annual Rate of Return on Common 
Stock 

0.12 

Annual Rate of Return on Preferred 
Stock 

0.08 


investment, Cl, for various values of the annual energy production, 

W. The curves are linear because O&M and fuel costs were omitted from 
consideration. If W is known, or can be determined from prior 
analysis, then EC can be determined when Cl is specified, and vice 
versa. The latter approach is used herein because Cl can not yet be 
determined accurately for solar thermal power systems. 


B. JUSTIFIED CAPITAL INVESTMENT AND COST TARGETS 

For solar power plants to be competitive in a commercial market 
the syste'i. cost must be lower than the justified capital investment, 
which is determined by the power plant energy production and the 
conmercial energy cost rate. The hardware cost includes the 
concentrator, receiver, power conversion unit, and associated 
component costs. For convenience, the results are normalized, i.e., 
the system justified capital investment is expressed per unit of 
concentrator area. The index can be used to establish hardware cost 
goals of competitive point-focusing distributed solar thermal system 
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LEVELI2ED ENERGY COST, m1l!j/kWe-hr 



SYSTEM CAPITAL INVESTMENT, THOUSANDS OF DOLLARS 


Figure 3-1. Energy Cost versus Capital Investment for Different 
Annual Power Production Rates 




options. Figure 3*-2 shows the reference system cost goals for 
baseline Rankine and Brayton systems. The steep dotted lines in 
Figure 3-2 indicate loci of equivalent capital investment for the two 
systems when the Brayton power conversion efficiency is greater than 
the Rankine efficiency by 5, and 10 percentage points respectively. 

It is apparent that the justified system capital investment is a 
strong function of power conversion efficiency, concentrator quality, 
and the operating temperature. The energy cost target for the PFDR 
Technology Project is 50 to 60 mills/kWe-hr in the post-1985 time 
frame . 


As an example, a 10 MW steam Rankine solar power plant (rated at 
Iq » 0.8 kW/m2, s 252) consisting of 1000 concentrators 
( Og = 5 mrad), each with a 10-m diameter, produces approximately 3.7 
X 10^ kWe-hr annually. If the average commercial energy cost for 
the next 30 years, which is the lifetime of the power plant, is 50 
mills/kWe-hr, then the justified capital cost for this power plant 
would be $9.5 x 10^. In other words, the condition for this power 
plant to be economically viable would be that the combined sum of 
hardware costs and installation must be less than 9.5 million 
dollars. The unit capital cost would be approximately $950/kWe, which 
falls in the range of 600 to 1000 $/kWe established as a cost target 
for the PFDR Technology Project in the post-1985 time frame. 

A comparison of annual integrated energy production of the 
baseline open-cycle air and closed-cycle air Brayton engines (Figures 
2-16 and 2-17) indicates that, on the average, engine part-load 
characteristics may not play a significant role in system design or 
cost /performance trade-offs. This follows because the annual energy 
production for the two cases is almost identical, even though the 
engine part-load characteristics are markedly different (Figure 2-7). 
Yet, this conclusion may be premature because of the unique part-load 
characteristics used herein, i.e., they have a crossover at high heat 
input that may be compensatory. 

The effect of two different insolation data base inputs on 
system performance is illustrated in Figure 3-3. The results indicate 
that the annual energy production is almost directly proportional to 
the total insolation level. Justified capital investment differences 
for the two insolation data base inputs are less than 10%. Figure 3-4 
shows the justified cost versus concentrator accuracy for two 
representative systems: a steam Rankine system with 30% power 
conversion efficiency, and a gas Brayton system with 35% power 
conversion efficiency. It is apparent that the cost performance 
trade-off relationship of concentrator accuracy is governed by the 
system operating temperature and the power conversion efficiency. 
Concentrators with surface accuracy poorer than 7 mrad would be more 
suitable for low temperature applications. It would be more effective 
to select high surface quality concentrators for high temperature 
applications to achieve low energy cost. System performance is 
linearly proportional to the power conversion efficiency. However, 
the sensitivity relationship varies with the operating temperature and 
the concentrator quality. Figures 3-5 and 3-6 illustrate the 
increases in justified capital investment due to improvements in power 
conversion efficiency for representative Rankine and Brayton systems 
with an energy cost target of 50 mills/kWe-hr . 
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Figure 3“2, Reference System Cost Goals for Baseline 
Ranklne and Brayton Systems 
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Figure 3-3. Effects of Insolation Data Base on System 
Performance Computation 
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Figure 3-6. Justified Capital Investment versus Power Conversion 
Efficiency for the Baseline Brayton System 
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SECTION IV 


SUMHARY AND DISCUSSION 


The main thrust of the Point-Focusing Distributed Receiver 
(PFDR) Technology Project is aimed at industrial technology 
development of the most cost-effective combinations of concentrators , 
receivers and power conversion units. 

The objective of the present investigation was to establish a 
set of system cost/performance reference frames for simple baseline 
systems with various levels of energy cost targets. The results, 
expressed in terms of the "Justified Capital Investment", can be used 
to compare detailed design variations as well as to provide useful 
guidelines for hardware development programs. It should be noted that 
the purpose of the system definition activity is to generate and apply 
a methodology for screening candidate options with updated hardware 
cost projections and subsystem performance. Consequently, the trade- 
off study was limited only to the key parameters that govern the 
concept selection process. 


A. KEY SYSTP! PARAMETERS 

The viability of a point-focusing distributed receiver solar 
power system is governed by its cost effectiveness. System concept 
selection is influenced by many variables, such as technology 
advancement and potential market penetration, which influence the mass 
production hardware cost. However, three key parameters, namely, 
concentrator quality, system operating temperature, and power 
conversion efficiency are regarded as setting the pace for the 
development of point-focusing solar thermal conversion systems. The 
power conversion efficiency of a thermodynamic cycle improves with 
increasing temperature. The performance of a solar collector is 
governed by both the operating temperature and the concentrator 
surface quality. As the operating temperature increases, the heat 
loss rate per unit of receiver aperture area also increases. Receiver 
aperture sizp requirement for maximum effectiveness under a specified 
operating temperature is determined by the concentrator quality. A 
more accurate concentrator implies smaller aperture opening and, thus, 
higher receiver effectiveness. 

Optimum system performance is determined by proper matching of 
concentrator quality, receiver operating temperature, and engine 
conversion efficiency. System concept selection involves detailed 
cost/performance trade-offs among all optimized candidate options. 

The power conversion efficiency may vary significantly according to 
the type of thermodynamic cycle and the anticipated improvements from 
research and development. Because solar thermal power generation is 
still in a very early developmental stage, the relationship between 
concentrator cost, size, and quality is yet to be established. Based 
on a survey of existing prototypes, it appears that the concentrator 
quality and, possibly, manufacturing cost are directly related to the 
design concept and material selection. 


4-1 


In this study the operating temperatures were preselected to be 
538<^C (lOOO^F) and 816^C (ISOO^F) for baseline Rankine and 
Bray ton systems) respectively. The choice of concentrator quality and 
heat engine characteristics are interactive. A high-quality 
concentrator always improves the system performance) but the 
improvement becomes more pronounced for higher temperature 
applications. Consequently) a high-quality concentrator requires a 
high-temperature ) high-efficiency power conversion unit to utilize the 
full potential of the high-quality dish. The improvement in 
concentrator surface accuracy probably is associated with an increase 
in manufacturing cost) which must be justified by a higher system 
performance in order to be competitive. However, a certain design 
concept and manufacturing process, established to produce low-cost 
concentrators with a specific surface accuracy, would create a need 
for the research and development of a compatible and effective solar 
heat engine. These two parameters, concentrator quality and engine 
performance, are both closely related to advancement of the 
state-of-the-art technology. Their cost/performance trade-off 
relationships dominate the selection of cost effective solar thermal 
power system options preceding the detailed system design phase. 

Other design parameters are less critical and can be grouped into two 
categories: engineering parameters and functional parameters. 


B. ENGINEERING AND FUNCTIONAL PARAMETERS 

Engineering parameters include concentrator size, structural 
support configurations, etc., that may have a major bearing on 
construction cost and could play an important role in design 
optimization. For example, concentrator size is a critical factor 
affecting subsystem compatibility. Larger engines generally exhibit 
better conversion efficiency. Furthermore, the per-unit-area cost of 
concentrators decreases with increasing dish diameter because only one 
tracking system and one receiver assembly are required, per dish. 
However, the structural/wind load considerations may have an even 
stronger effect on the dish size, from the construction cost point of 
view. Module size optimization is critical to the development of 
point-focusing solar power systems; nevertheless, an optimum 
concentrator size will benefit all system options. These types of 
parameters have little direct effect on system concept selection. 

Functional parameters include mirror reflectance (including 
surface cleaning), thermal insulation of the receiver and the 
transport pipelines, etc. The effects of these parameters on the 
overall system cost/performance are moderate, and the current 
state-of-the-art is considered to be adequate. Concentrator surface 
reflectance probably is the most important parameter in this group. 

The effect of reflectance variation on system performance is nearly 
linear. Periodic surface cleaning may be required for certain 
concentrator reflector materials. 
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CONCENTRATOR/REFLECTOR CLEANING AND RELATED IMPLICATIONS 


Preliminary test results at Sandia Laboratory (Ref. 25) show 
that 15 weeks of outdoor weathering of second-surface silvered glass 
and second-surface aluminized Teflon decreased solar reflectance by 
approximately 10% and 40%, respectively, due mainly to dirt 
accumulation. It is clear that concentrator cleaning requirements, 
and the corresponding O&M cost, could vary significantly. However, 
with a given system concept selection, the design trade-off of 
material selection and cleaning strategy can be carried out in a 
straight-forward manner. For example, the cleaning maintenance cost 
may be considered as a fraction of the justified capital investment 
amortized for the lifetime of the system (e.g., 30 years). For 
second-surface glass, the justified cleaning cost may be equivalent to 
10% of the baseline system cost. The value (i.e., 10% of the 
justified capital investment) may vary from 20 $/ra^ for a high- 
perfonnance system, with concentrators of 1 mrad surface accuracy, to 
5 $/m^ for a low-performance system. 

It is possible that the actual cleaning cost may be higher than 
the justified allocation. In this situation, it may be more cost 
effective to accept the reflectance loss by supplying an additional 
10% of concentrator surface. In the case of second-surface Teflon, 
the justified cost for cleaning would be 40% of the baseline system 
cost. The system would be viable only if the energy cost 
corresponding to the sum of the baseline system cost and O&M 
allocation remain competitive. In any event, the optimization process 
takes place in detailed design trade-off studies, not in the system 
concept selection process. 


D. ASSUMPTIONS FOR THE STUDY 

In the present analysis, many assumptions and approximations 
were made in order to simplify the approach. All engineering 
parameters and functional parameters either were treated as given 
constants or were not taken into consideration. Transport losses, 
storage requirements, and related capacity factor were not 
considered. Dirt accumulation and associated reflector cleaning 
cycles were not taken into account. Remarks concerning the reference 
solar insolation data are warranted. 

The reference insolation data used in this study, the Aerospace 
modified data (Ref. 8), probably is too optimistic. From a practical 
point of view, the pyrheliometer outage experienced by Southern 
California Edison during the recording period (see Section II, Part 
A. 3) would reflect realistic system downtime (such as scheduled 
maintenance and repair). Furthermore, pyrheliometers usually employ 
an aperture field-of-view ranging from 6° to 15°. This field-of- 
view would include a significant amount of circumsolar energy, which 
would not be utilized by highly concentrating devices such as point- 
focusing collectors. The ratio of circumsolar to total solar 
radiation ranges from 0.82% to 69.2% (Ref. 26). An assessment from 
Lawrence Berkeley Laboratory (Ref. 27) indicated that pyrheliometer 
data would lead to 1 to 5% over-estimation of energy production for 
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power tower applications. For point*-focusing collectors the error 
probably would be even greater because ,ot the higher concentration 
ratio. Current selection of the 1976 Aerospace modified data as an 
insolation reference was based on the desire to maintain a data base 
consistent with other solar thermal power projects. The cone optics 
computation used in the present analysis considered the ratio of 
circumsolar to total radiation to be 2.9Z (Ref. 28). All considered 
(system outage and circumsolar, etc.), the energy production 
calculation probably has an uncertainty less than 15Z. 


£. HARDWARE SUBSYSTEM DEVELOPMENT 


As pointed out earlier, current PFDR Technology Project 
activities are directed towards industrial technology development of 
critical subsystems: concentrators, receivers, and power conversion 

units. From a system selection point-of-view, the relative importance 
of the three hardware development programs is distinctly different. 

1. Concentrators 

Concentrator development probably is the most important, and 
definitely the most uncertain, factor affecting the selection of 
two-axis, point-focusing solar energy conversion options. Because 
concentrators are the major cost item in the system, their development 
will have high pay-off potential. The rating of a point-focusing 
concentrator depends upon many factors such as surface slope error, 
tracking accuracy, size, optical surface durability, maintenance 
requirements and, most of all, the manufacturing and installation 
costs. Depending upon the options of the power conversion unit and 
the operating temperature, a low-quality concentrator may be preferred 
if the cost is low enough. In other words, the key criterion for 
concentrator development may be low cost instead of technology 
excellence. Technology development within the next few years will 
determine whether or not this viewpoint is correct. 

It should be emphasized that every concentrator design concept, 
large or small, highly accurate or with large slope errors, could be a 
viable choice if the cost is competitive with the system justified 
capital investment. Current information concerning concentrator 
quality, size, and mass production cost is not available. The main 
objective of low-cost concentrator development programs should be to 
establish this critical data base. 

2. Power Conversion Units 

Engine development centers on improvements in power conversion 
efficiency. Engine efficiency, however, can play only an ancillary 
role in solar energy applications. An optimistic target may be to 
double the current state-of-the-art efficiency. Nevertheless, such a 
major technology advancement cannot, by itself, improve the system 
cost/performance relationship to the required level of justified 
capital investment, which is an order of magnitude lower than present 
hardware cost. If point-focusing solar power generation systems are 
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to become competitive it appears that co-development of low-cost 
concentrators and high-performance power conversion units will be 
required. 

Advanced engine development could modify concentrator trade-off 
relationships. For example , the development of a highly efficient 
Brayton or Stirling engine at 816®C (1500°F) could substantially 
increase the associated justified system cost and create additional 
incentive for manufacturing high-quality concentrators with surface 
accuracy around 3 mrad. If the manufacturing industry could develop a 
very inexpensive process to construct umbrella-type concentrators 
(around 12 mrad), then there will be a need to accelerate the research 
and development of a medium temperature, 260®C to 371®C (500® to 
700®F) organic Rankine system, which would be best suited to operate 
with this type of concentrator. 

According to the compatibility requirements between operating 
temperature and concentrator quality, current estimates of mass- 
produced concentrator accuracy (3 mrad to 12 mrad) would suggest that 
engine development probably should be directed towards the low to 
medium temperature range, 260®C to 816®C (500®F to 1500®F). 

Advanced systems with high-temperature, high-efficiency engines may be 
attractive on paper but probably will not be practical from a system 
and cost effective point-of-view. For example, if the concentrator 
quality is 3 mrad or worse, a 1371®C (2500°F) Brayton system with 
power conversion efficiency of 55% would produce less electric energy 
than a 538®C (1000°F) Rankine system with 40% conversion 
efficiency (Ref. 29). The development of high-temperature solar heat 
engines should be well-coordinated with the development of high- 
quality concentrators. The matching concentrator quality for a 
1371®C (2500®F) engine would be (1.5 mrad or better. This 
corresponds to the small monolithic-type designed for thermionic 
applications. The associated cost to manufacture this type of 
concentrator probably is prohibitive for practical point-focusing 
solar power generation. 

3. Receivers 

Receiver development plays an entirely different role from 
concentrator and engine development. The receiver is an indispensible 
critical component that links the engine and the concentrator 
together. Yet, the performance of a solar receiver is dominated by 
its aperture opening, which is governed by the operating temperature 
and the concentrator quality, and not the receiver design concept. 
Reliable receivers ^/ith long service lifetime are critical to the 
success of point- focusing solar thermal systems, but their development 
does not strongly influence the selection of viable system options. 

In fact, for each specific system concept, the receiver should be 
custom designed to match the concentrator and the power conversion 
unit. The design criteria are usually functional/operational 
requirements such as safety features, transient storage requirement, 
etc. Important design features such as absorber arrangements, 
material selection, heat pipe/ storage-bath applications are related to 
tube temperature differential limits, pressure drop considerations, 
durability/lifetime, etc., and not to receiver performance. 
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The implementation of receiver design/construction would be an 
explicit engineering task to meet predetermined requirements according 
to the system design specifications. Before critical system 
selections are made, receiver development activities should be divided 
into two areas. One activity would emphasize basic heat tranfer and 
materials research, planned to address the anticipated receiver design 
requirements. The other activity would be continued participation in 
the early hardware implementation programs currently planned in the 
PFDR Technology Project. In the hardware demonstration phase, the 
critical subsystems may not be optimally matched. However, the main 
purpose of hardware demonstration is to gain operational experience, 
to confirm system analytical predictions, and to show technology 
feasibility. In this context, the near-tem activity of receiver 
development may deserve more attention than other subsystems because 
of its many critical functional requirements: safety, durability, 

controls, and transient operation. 


F. COST/PERFORMANCE SUMMARY 

The systems considered here were sized so that the receiver 
would provide 60 kWth output to the engine. The required concentrator 
area is a function of the design point insolation (selected as 0.8 
kW/m^ from Figure 2-9) and collector efficiency, which depends on 
the concentrator surface slope error and receiver operating 
temperature. Details of the analysis were described previously and 
will not be repeated here. The annual energy production is calculated 
for varying insolation, using the assumed part-load engine 
characteristics and rated engine efficiency. 

The justified capital investment used herein is the present 
value of an electricity-generating module (calculated from Eq. 3.2 for 
an assumed lifetime of 30 years) per unit of concentrator area. The 
justified capital investment can be used as a tool to establish 
preliminary system cost targets, i.e., to place an upper bound on the 
system costs, including hardware manufacturing and system installation 
costs, that will be required to meet specified energy cost targets. 

The principal results were shown in a series of charts (Figures 3-2, 
3-4, 3-5 and 3-6) that illustrate the justified capital investment 
plotted as a function of concentrator surface slope error and power 
conversion efficiency for baseline steam Rankine and gas Brayton 
systems. 

A rough estimate of the surface accuracy of mass-produced low- 
cost concentrators would be somewhere between 3 mrad and 12 mrad. 
Figure 4-1 shows the justified capital investment for a baseline 
Brayton system employing concentrators with 3 mrad surface accuracy, 
and power conversion efficiencies of various values. The justified 
capital investment for the system is in the range of $150 to $180 per 
unit of concentrator area to meet an energy cost target of 50 
mills/kWe-hr. An equally attractive alternative would be to develop 
low-quality concentrators with very low cost, in contrast to attempts 
at developing high-quality concentrators with low cost. Concentrators, 
such as the film-type or inflatable designs, were estimated to be in 
the $50 /m^ range for mass-produced items. Figure 4-2 shows that the 
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Figure 4-1. Justified System Investment for a Brayton 
System with a 3 mrad Concentrator 


JUSTIFIED CAPITAL INVESTMENT, S/m 



ENERGY COST, mlHsAWe-hr 

Figure 4-2. Justified System Investment for a Rankine System with 
a 9 mrad Concentrator 



system justified capital investment for a Rankine system, with a 
concentrator quality of 9 mrad, is approximately 50 to 100 $/m^ 
depending on the power conversion efficiency. If the cost projections 
are correct, then this combination would be a viable option. 

It is useful to compare a Brayton system with a concentrator 
quality of 3 mrad to a steam Rankine system with a concentrator 
quality of 7 mrad because the required concentrator area (Figure 2-13) 
and the rated collector efficiency (Figure 2-15) are nearly the same 
for these two cases. The results can be presented in a format similar 
to the cost target presentation in Figure 1-2. Figure 4-3 shows the 
comparison; note that the parameter value $/m^ is the system 
justified capital cost, not the collector cost per unit of area. The 
upper, horizontal, scale for overall system efficiency is based on an 
approximate value of Ig = 0.64 for the collector efficiency, as 
obtained for the two systems at design point insolation (Figure 
2-15). Curves for constant system capital investment are nearly the 
same for the two cases. However, for the same relative energy cost, 
the Brayton system allows a higher justified capital investment than a 
steam Rankine system with lower power conversion efficiency. Figures 
4-3 and 1-2 are remarkably similar if it is assumed that collector 
cost is roughly half the system cost. 

Further system comparisons are shown in Table 4-1. A Brayton 
system with 0*3 = 3 mrad, and values Ho ~ 0.35 and 0.40, is 
compared to two steam Rankine systems with s-g « 7 mrad and = 9 
mrad, each for values » 0.30 and 0.35. Actual hardware costs 
must be equal to, or less than, the system justified capital 
investment. The justified capital cost is the larger for the Brayton 
system when expressed in $/m^; however, values expressed in $/kWe 
are nearly thie same for all six cases. The Rankine system for cr^ » 

9 mrad seems to be the poorest of the three cases because its 
concentrator is the largest and its justified costs are the lowest. 
Overall, under the assumptions of this study, the Brayton system 
appears to have a slight edge because of its highest annual energy 
production. It is seen that large improvements in power conversion 
efficiency will have increasingly less effect on^ energy cost when the 
values of energy cost approach or fall below the target value (See 
Figure 4-3). 

Comparisons with the commercial Omnium-6 module are of interest 
in the present context. The Omnium-G concentrator is 6 m in diameter, 
has an effective aperture area of 27 m^, and is estimated to have a 
surface slope error of approximately 3 mrad (Figure A-l3 of Appendix 
A). The module presently is fabricated to order, and is not in mass 
production. Current selling prices are $29,500 for the tracking 
concentrator and $41,500 for the 06-7500 module/system, which are 
equivalent, per unit of concentrator area, to $1090/m2 and 
$1540/m^, respectively. If site preparation, shipping and 
installation costs are included, the total system cost is 
approximately $1650/m^. The latter cost corresponds roughly to a 
range of $6000 to $ll,000/kWe (due to current uncertainty in system 
performance of the Omnium-6 module). Thus, the current costs of the 
concentrator and the system are a factor of 10 to 15 greater than 1985 
target values. JPL presently is estimating mass-production costs for 
the Omnium-6 module. 
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APPROXIAMTE OVERALL SYSTEM EFFICIENCY 


0.15 0.20 0.25 0.30 



Figure 4-3. Effect of Power Conversion Efficiency on Relative 
Energy Cost 



4-11 


Table 4-1. Representative Scenarios for Baseline Systems 
with an Energy Cost Target of 50 mills/kWe-hr 

DESIGN POINT INSOLATION, I = 0.8 kW/m^ 
RECEIVER THERMAL OUTPUT^ 60 kWHi 
ENERGY COST TARGET = 50 mllls/kWe-hr 



BRAYTON 
SYSTEM 
816°C (1500°F) 

STEAM RANKINE SYSTEM 
538°C (1000®F) 

= 3 mrad 

0-7 mrad 
s 

= 9 mrad 

ASSUMED POWER CONVERSION EFFICIENCY, 

0.35 

0.40 

0.30 

0.35 

0.30 

0.35 

CONCENTRATOR AREA, A , 

c 

125 

127 

146 

ANNUAL ENERGY PRODUCTION, kW-hr/m^-yr 

616 

707 

514 

596 

450 

523 

ANNUAL ENERGY PRODUCTION (TOTAL), kW-hr/yr 

77,000 

88,380 

65,280 

75,690 

65,700 

76,360 

MEAN CAPACITY, kWe* 

21.6 

24.8 

MM 

21 .3 

18.4 

21 .4 

SYSTEM JUSTIFIED CAPITAL INVESTMENT, $/m^ 

159 

182 

132 

153 

116 

135 

SYSTEM JUSTIFIED CAPITAL INVESTMENT (TOTAL), $ 

19,880 

22,750 

16,760 

19,430 

16,940 

19,710 

SYSTEM JUSTIFIED CAPITAL INVESTMENT, $/kWe 

920 

917 

916 

912 

920 

921 


*CALCULATED FROM ANNUAL ENERGY PRODUCTION ASSUMING 3560 HOURS OF OPERATION 
PER YEAR . 


































SECTION V 


CONCLUSIONS 


The main objective of this study was to establish a methodology 
for comparing small power system modules using a consistent approach 
and input assumptions. The results, expressed in terms of the 
justified capital investment, can be used to compare detailed design 
variations as well as to provide guidelines useful for hardware 
development programs. Many assumptions were employed to simplify the 
cost/performance analysis; thus the results should be regarded 
strictly as preliminary. Better results will be obtained only when 
subsystem mass production cost estimates become available, 
particularly for concentrators. 

• The viability of point-focusing distributed receiver 

modules is governed by three key parameters: concentrator 

quality, operating temperature, and power conversion 
efficiency. For systems with pre-selected operating 
temperature, concentrator quality and engine performance 
dominate the cost/performance trade-off relationships. 

• Engineering and functional parameters are not critical to 
cost /performance trade-offs; however, concentrator 
reflectance is the most important of these parameters. 

• The solar insolation model (Barstow, 1976, data modified 
by the Aerospace Corp.) used in this study probably is too 
optimistic, by an amount of at least 5%. 

0 Any concentrator design, large or small, high or low 
quality, could be a viable choice if it is cost- 
competitive and in accordance with the system justified 
capital investment. However, a key criterion for 
concentrator development may be low cost and not 
technology excellence. 

• Module/concentrator size is critical to all point-focusing 
solar power systems and an optimum concentrator size will 
benefit all systems. Optimum size cannot be determined 
until the relationship between size, surface accuracy, and 
cost first has been decided. Trade-offs will occur 
between concentrator cost and module (system) cost. 

• Compared to other subsystems, receiver development is not 
considered critical for the long-term outlook. However, 
near-term development merits careful attention because of 
critical requirements such as safety, durability, 
controls, transient performance, etc. 

• In the first approximation, power conversion efficiency 
has a linear effect on the justified capital investment 
for a given energy cost target, and should be pursued in 
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technology development. However, the benefits of higher 
conversion efficiency diminish rapidly ae system cost 
targets are approached. 

• From the standpoint of annual electricity production and 
justified capital investment there is little difference 
between the Brayton open-cycle air systems and closed- 
cycle air systems even though the engine part-load 
characteristics were markedly different for the two cases. 
Further work is needed to establish the effect of the 
part-load characteristics.. 

• A range of concentrator surface accuracy of roughly 3 to 5 
mrad (surface slope error) separates selection of, steam 
Rankine and open-air Brayton systems. High-temperature 
Brayton systems require high-quality concentrators, 
whereas the opposite is true for Rankine systems. 

• For the same energy cost target and overall system 
efficiency, a 3 mrad Brayton system and a 7 mrad steam 
Rankine system yield about the same justified capital 
investment. However, granting that the Brayton system has 
a higher performance potential, it will always have the 
higher justified capital investment and annual electricity 
production. 

t At the present time, there is no clear choice between gas 
Brayton and steam Rankine systems. Concentrator 
development will have the largest influence on this 
choice. Thus, a key input to system selection will come 
from industry as they develop mass-production cost 
estimates and prototype hardware for low-cost 
concentrators. 
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SECTION VI 


RECOMHENDATIONS 


Recommendations are addressed both to the restrictions of this 
analysis as well as to anticipated changes of direction for point- 
focusing solar thermal power systems. Some are general, some are 
specific. 

• The present study was confined to two levels of operating 
temperatures (lOOO^F steam Rankine and 1500<^F gas 
Brayton) . The study should be extended to other 
temperature levels to establish a more definitive 
understanding of the effects of this parameter. 

• In the development of high-temperature systems (greater 
than 1500°F), if and when that appears desirable, the 
development of high- temperature solar heat engines should 
be coordinated closely with the development of high- 
quality (accuracy) concentrators. 

• The main objective of low-cost concentrator development 
programs should be to establish a data base relating 
concentrator size, quality, and mass -product ion cost. 

• A concentrator costing study should be initiated at the 
earliest opportunity. The objective of such a study would 
be to assess the cost of a variety of concentrator 
concepts on a relative basis using consistent assumptions 
and input data. Information from this study would be 
useful for making decisions regarding candidate power 
conversion subsystems. 

• The various possible paths to PFDR technology development, 
e.g., a high-performance and possibly high-cost path 
versus a very low-cost concentrator path, should be 
established and explored in greater detail. 

• A trade-off study of transport losses against potential 
gains in higher-performance and lower-cost power 
conversion units should be performed for dish clusters 
utilizing large, ground-mounted engines. 

• A transient analysis (for varying cloud cover) should be 
performed to determine the response of a "real" receiver 
to fluctuating thermal energy input as well as system 
performance. 

• Hybrid systems using fossil fuel should be studied with 
respect to such issues as (1) parallel versus series 
operation with the solar thermal system, (2) internal 
versus external combustion, (3) integration problems, (4) 
controls, (5) fuel constraints, (6) potential electric 
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storage requirements! (7) mirror contamination! (8) 
environmental effects! and (9) waste heat rejection as a 
source of interference for optical transmission. 
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APPEND!:^ A 
CONCENTRATORS 

A. OPTICAL TRANSMISSION CHARACTERISTICS 

The optical performance of a concentrator is governed by its 
geometrical configuration and critical thermal optical properties, 
including solar reflectance, specular spreading due to microscopic 
roughness, surface error, and tracking/pointing accuracy. Solar 
reflectance and specularity are governed by mirror material 
selection. Three basic categories of reflector material are generally 
considered for solar concentrator applications: (1) second surface 

mirror, (2) metalized plastic films, and (3) polished metal surfaces. 
Figure A-1 shows the specular reflectance characteristics of some 
representative materials (Refs. A-1 and A-2). It should be noted that 
these values are for a cleaned, new surface. Surface degradation and 
dirt build-up on the reflector surface are very significant factors 
governing the reflectance properties. The effect of reflectance on 
the system performance is linear. The specularity, however, plays 
only a minor role for most reflectance materials (Ref. A-3). 

In general, the geometrical center of the collector/receiver 
does not coincide with the center of the solar image due to the 
concentrator pointing error. The pointing error includes errors due 
to inaccurate sun tracking, and misalignment and structural 
deflections caused by gravity and wind loads. Detailed correlation?/ 
between pointing error and control logic are discussed in Reference 
A-4 and will not be repeated here. 

Surface slope error has been identified as the most significant 
parameter governing the optical performance of a solar concentrator 
(Ref. A-5). An ideal concentrator would have the reflector surface 
contoured precisely to the shape required by geometrical relationships. 
However, shape deviations may be caused by macroscopic surface 
waviness, imperfect alignment, and slope errors due to manufacturing 
tolerance and structural deflections. The local surface error of a 
reflector element is defined as the angular deviation of the surface 
normal from that of a perfect geometry. Theoretically, a detailed 
mapping of surface error over the entire concentrator body would give 
ihe most accurate description of the surface error. The value may 
vary considerably from hub to rim, and from zone to zone, 
circumferentially. From a practical point-of-view, the surface errors 
have to be characterized in a statistical manner. A standard sampling 
technique must be developed to establish the effective surface error 
statistics through quantitative measurements. Many approaches have 
been suggested to characterize surface slope error statistically. 

These include the method of solar disc scattering (effective 
enlargement of the apparent solar cone angle, the so-called scatter 
sun method), and flux scattering functions at the focal plane of the 
concentrator. According to Schrenk (Ref. A-6), the most desirable 
approach is to apply a probability function to the reflector surface 
normals such that the quality of the concentrator can be estimated 
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REFLECTED ENERGY CONTAINED IN OPTICAL CONE 
ENERGY INCIDENCE 




(d) CORNING 0317 GUSS, P= 0.95,^^aj, = 0.25 mrad 

(b) LAMINATED FLOAT GLASS (CAROLINA MIRROR CO.) 

P= 0.83, = 0.15 

(c) CORNING SILVERED MICROSHEET 

R^ = 0.77,°‘oj, = I.l 

p= 0.95, R 2 = 0.18,0-0,2 - 6.2 

(o') 3M SCOTCHCAL 5400 PLASTIC FILM 
P= 0.85, c^ajj = 0.19 

(e) TYPE 3002 HIGH PURITY AI-BUFFED AND BRIGHT ANODIZED 
(METAL FABRICATIONS INC.) 

R j= 0.44, = 1 .4 

P= 0.84, R 2 = 0.43, °'oj2 = 10.3 


Figure A-1. Specular Reflectance Characteristics 
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from the design concept and the manufacturing technique. This 
approach would facilitate an assessment of system cost performance 
trade-off relationship prior to the construction of concentrators. 

Figure A-2 defines the local surface error as described by the 
directional cosines of the true surface normal A in a Cartesian 
coordinate on the surface element with the ideal surface normal n 
aligned with the Z-axis. In reality different systematic errors are 
expected from hub to rim, yet, in order to carry out statistical 
analysis, the distribution of surface error is usually considered to 
be random. Schrenk (Ref. A-7) suggested that the density function is 
best represented by a two-dimensional Gaussian (normal) function; he 
claimed that good correlations have been established between 
experimental ray-tracing data and the assumed Gaussian distribution 
function characterized by a circumferential and a radial standard 
deviation. If it is assumed that cylindrical symmetry exists for the 
probability density function, i.e., that the circumferential and the 
radial standard deviations are equal, then the probability that the 
surface normally falls within a ring bounded by r and r+dr around the 
ideal normal is given by: 


dP(r) 


1 



exp 



2irr dr 


(A.l) 


where <>„ is the effective surface slope error (standard deviation). 

Equation A.l can be applied to every element of the concentrator 
lo compute its optical transmission characteristics. It can be seen 
that the concentrator optical performance is governed by the surface 
slope error and the geometrical arrangement of the reflecting 
elements. The geometry of a paraboloidal dish is determined by the 
rim angle ,<4* , which typically varies from 30° to 60° for solar 
concentrating applications. Individual mirror elements, as well as 
continuous, monolithic surfaces, may be used. The surface geometry is 
arranged so that reflected solar image from all individual mirror 
surface elements converge toward the focal point. However, because of 
the relative positions of individual mirror elements, elliptical 
images with different sizes and intensity distributions will be formed 
at the focal plane by the reflecting cones. The resultant solar image 
has a higli intensity central core surrounded by a fringe area, where 
the intensity decreases rapidly with distance from the focal axis. 

The rim angle determines the concentrator focal length-to- 
diameter (f/D) ratio as well as the relative size of the high 
intensity focal spot compared to the fringe area. In the present 
study, a representative rim angle of 45° was used; however, there 
exists little practical difference in concentrator optical performance 
for rim angles between 45° and 60°, The f/D ratio is defined as: 


f 

D 
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Figure A-3 shows the focal plane flux distribution as a function 
of surface slope error. It can be seen that the intensity at the 
focal spot may vary by a factor of 50 as the surface error changes 
from 1 to 10 milliradians (mrad). A slope error of 1 mrad at a given 
point implies that 68Z of the light rays strike the concentrator 
within 1 mrad of the direction that would be required by a perfect 
concentrator. 


B. CONFIGURATION CONCEPTS 

The cost /performance characteristics of concentrators probably 
are the most important factors that govern the viability of two-axis 
tracking, point-focusing distributed solar conversion systems. Very 
few commercial solar concentrators are available at the present time 
but there have been many conceptual designs/prototypes, as well as 
experimental models. In the present study, concentrator 
configurations are limited to those resembling a two-axis, tracking 
paraboloidal dish. A brief survey of the state-of-the-art is 
presented herein. Fresnel reflectors are discussed; the following 
alternative concepts have not been included: Fresnel lenses (Refs. 

A-8 and A-9); Cassegrainian arrangements (Refs. A-10 and A-11); 
compound receiver/reflector applications (Ref. A-12); and concepts 
with a fixed receiver (such as the low-profile design. Ref. A-13), or 
fixed hemispherical reflector surfaces (Ref. A-14). 

1. Monolithic Rigid Paraboloids 

High-precision monolithic paraboloidal concentrators have been 
built primarily for high temperature solar thermionic applications. 
Several well developed methods have been applied to construct replicas 
of single-piece concentrators; namely. Electro-forming, cold forming, 
vacuum deposit of a thick layer of aluminum, and Epoxy casting. 

a. Electro-Forming . Small concentrators with qualities 
approaching theoretical limits have been built by electro-deposition 
of nickel on activated glass substrates (Refs. A-15 and A-16). Thin- 
wall nickel concentrators have been obtained from nickel molds. The 
9.5 ft diameter dish developed by G.E. for JPL (Ref. A-17) was based 
on centrifugally cast masters, which were used to make convex nickel 
molds by electro-forming. The same technique was then employed to 
obtain the nickel concentrator from the nickel mold. The process of 
electro- forming aluminum (Ref. A-18) also has been investigated for 
fabricating light-weight concentrators. 

b. Cold-Forming . Thin sheets of electro-polished aluminum 
can be hydro-formed over suitable paraboloidal molds (Ref. A-19), or 
sectors can be stretch formed and bonded together. A TRW, 5 ft 
concentrator with rear-mounted torus was built with 0.016 in. thick 
aluminum sections stretch formed over a glass search-light mirror. 

The sections were given an epoxy plastic surface coating and then 
aluminized before assembled (Ref. A- 20). 

c. Epoxy Casting . Convex molds can be cast and concentrators 
then can be obtained directly as replicas (Ref. A-21) . Polymer 
materials have been used at the Physicotechnical Institute of the 
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NON-DIMENSIONAL RADIAL DISTANCE, X/D 


Figure A-3. Focal Plane Flux Distrubution of Concentrated 
Solar Energy for a Paraboloidal Concentrator 



Academy of Science of the Turkmen, USSR to obtain cast duplicates with 
reflective surface coa^.ing, ranging from 0.46 to 1.5 m in diameter 
(Ref. A-22). A light-weight concentrator constructed at Boeing 
employed cast epoxy plastic reflecting surfaces bonded to aluminum 
honey-comb, which in turn was backed up by a plastic Fiberglas panel 
(Ref. A-23). Spin-casting of plastics also has been investigated 
(Ref. A- 24). 


d. Vacuum Deposit . Deposition can be used for thick layers 
of aluminum as well as for thin reflective coatings. Concentrators 
have been produced with a shell thickness of up to one inch that 
reproduce accurately the surface of the mold. The removal of the 
shell is facilitated by depositing an intermediate layer of silver 
(Ref. A-25). 


2. Panel/Frame Type Concentrators 

Large paraboloidal concentrators are difficult and expensive to 
manufacture in monolithic form. Most large, high quality 
concentrators, such as solar furnaces, consist of a paraboloidal shell 
or frame similar to that of a high-gain antenna. Reflecting surfaces 
are individual panel elements; the surfaces are conformed to the local 
curvatures of the frame. The panel material may be sagged or pressed 
second-surface mirrors, or chemically brightened aluminum with 
deposited aluminum or silver. Clear epoxy or RTV may be used as a 
protective overcoat. 

In 1946 a paraboloidal dish, 10 m in diameter, was made from 
reinforced concrete at Tashkent (Ref. A-26). Glass reflectors were 
glued to the shell surface with carbonyl adhesive. The solar furnace 
at Bouzareah (Ref. A-27) an 8.14 m diameter paraboloidal dish, began 
operation in 1954. The system utilizes a massive supporting structure 
for rigidity and has a gross weight of 40 tons. The reflective 
surface was electro-polished and the reflectance has decreased from 
0.83 to 0.7 in 15 years. An experimental solar device for pumping 
water at Ashkhabad, Central Asia was constructed in 1965 (Ref. A-28). 
The 4.86 m dish consists of a frame made of thin-wall steel tubing 
with flat ribs. The reflecting elements, in the form of curved 
trapezoids, are made by stamping from aluminum sheet, followed by 
buffing and electro-polishing. The General Electric paraboloidal 
design for the Shenandoah total energy project (Ref. A-29) is a 
polar-mount system with 20 panels mounted on a steel frame that is 
stiffened by supporting ribs (Ref. A-30). The prototype is shown in 
Figure A-4. 

3. Faceted Concentrators 

The major difference between a faceted concept and a panel 
concept is that the facet element does not conform to the curvature of 
the substructure and has its own individual optical axis. Typical 
faceted concentrators consist of arrays of small paraboloidal or 
spherical mirrors; this arrangement provides wind relief. A large 
variety of material selection and arrangements have been 
investigated. For example, the Raytheon concentrator (Ref. A-31) is a 
6.7 m dish with 228 spherical mirrors, in trapezoidal shape, hand- 
mounted on an aluminum substructure. Hexagonal and circular 
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Figure A-4. General Electric 5-Meter Paraboloidal Collector, 
Prototype for Shenandoah Project 
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paraboloidal glass facets have been utilized to form a large 
concentrator (Refs. A-32 and A-33). The French THEK project has a 
concentrator design that employs triangular facets (see Figure A-5) to 
form a rectangular concentrator (Ref. A-27). 

Small paraboloidal facets can be manufactured by replication or 
galvano-plastics processes. However, it was shown (Ref. A-34) that 
spherical facets have almost the same concentration capability as the 
paraboloidal ones as long as the ratio of facet area to concentrator 
area remains small. Because it is generally much easier and less 
expensive to manufacture high-quality spherical mirrors than 
paraboloidal ones, it would be more practical to construct faceted 
concentrators with small spherical mirrors. A representative 
arrangement is the Gamma-Ray Telescope of the Smithsonian 
Astrophysical Observatory on Mt. Hopkins, Arizona (Figure A-6). 
Hexagonal-shaped spherical facets (front surface mirrors with one 
common radius of curvature) were mounted on a spherical substructure. 
Each facet has a three-point mount on the substrate and individual 
optical axes are aligned so that reflected rays from each facet center 
will pass through the substrate focal point. The current JPL Test Bed 
Concentrator concept (Ref. 3) involves spherical facets made with 
glass microsheet bonded on a preshaped foam-glass substrate. The 
facets are mounted on a modified paraboloidal antenna structure. 

The main advantage of a multi-faceted concentrator is that high 
quality individual reflecting elements can be manufactured in mass 
production, particularly if all facets are identical. However, the 
substructure frame could dominate the cost and the assembling and 
alignment of facets could be a costly labor intensive process that has 
to be performed in the field. 

4. Petal Type Concentrators 

Solar concentrators with reflecting petals are similar to the 
panel/frame concentrators except that the petals are designed to 
provide part of the structural rigidity. A representative design is 
the Omnium-G concentrator (Figure A-7), which currently is available 
in the commercial market. The concentrator is composed of 18 
individual petals; the dish diameter is 6 m and the focal length is 
4 m. The concentrator is mounted on a light-weight tubular aluminum 
structure and gimbal. Reflector material is 0.8 mm (32 rails) thick 
electro-polished and anodized aluminum (Alzak is currently used). 
Precut segments (in three sections) are placed on a convex plaster 
surface and forced to shape by application of a vacuum. A special 
urethane foam (4 to 6 inches thick) is applied to the back surface for 
structural rigidity (Ref. A-35). 

Many petal type concentrators were investigated for space solar 
conversion applications in the early 1960s. In those cases, all the 
designs consisted of a hub with attached petals that could fold up to 
form a compact package for launching. Several prototypes have been 
built and tested. For example, the TRW "Sunflower" concentrator 
(Refs. A-36 and A-37) is a 9.9 m (32.2 ft) diameter paraboloidal dish 
(rim angle of 60°) consisting of 30 laminated aluminum petals. The 
front surfaces were coated with epoxy and aluminized by vacuum 
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Figure A-7 . Omnium-G Concentrator 
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deposition. A layer of silica protective overcoat was applied. The 
reflective surfaces were bonded on a honeycomb supporting structure. 
The standard deviation, Vg, of the petal slope error was assessed to 
be 15 minutes (4.36 mrad). The U. S. Air Force developed a 15.75 ft 
(2.5 m) diameter petal-type concentrator using petals of honeycomb 
sandwich that consisted of an aluminum reflecting surface, honeycomb, 
and backing material (Ref. A-38). The model developed by Electro- 
Optical systems (Ref. A-39) had petals of electro- formed nickel and 
utilized a monocoque construction. The Ryan design (Ref. A-40) had 
petals formed of a thin aluminum sheet that was stiffened by a light 
aluminum lattice truss spot welded to the back. The maximum slope 
error of the Ryan concentrator was evaluated to be of the order of 
2 “. 

The cost of a petal-type concentrator is determined by the 
required nuniber of petals and the size of the concentrator, which is 
governed by the structural support design. The petal construction can 
be accomplished by various methods, e.g.,an aluminum- structure petal 
with highly reflective metalized film (Ref. A-41). Many low-cost 
concepts have been investigated for petal-type solar concentrators. 
Accurate convex molds corresponding to an individual segment of a 
paraboloid can be obtained. Foam plastic, using phenolformaldehyde 
resin as a structural material, has been investigated at the 
Physicotechnical Institute of the Acadeny of Science, Uzbek, USSR, and 
was reported to be very promising (Ref. A.-42). Other low-cost designs 
include glass reflectors bonded to a ferroconcrete body (Ref. A-43), 
and metalized n^lar on asbestos cement petals (Ref. A-44). A process 
of fabi:icating by softening individual paraboloidal segments has been 
investigated (Ref. A-45); identical reflecting elements can be 
fabricated repeatedly in mass production to reduce the cost. 

5. Umbrella-Type Concentrators 

This type of concentrator is made of single-curvature petals or 
wedge-shape metalized films stretched over metal ribs in parabolic 
shape (Refs. A-46 and A-47). A 5-m umbrella-type concentrator with 
concentration ratio of 500 to 600 has been built at Uzbek, USSR (Ref. 
A-46). In general, the umbrella-type concentrators have relatively 
low concentrating capabilities. The performance is proportional 
approximately to the number of wedge elements. 

6. Inflatable - Rigidized Concentrators 

Basically, this type of concentrator is an aluminized film 
paraboloidal mirror that is rigidized by the application of a foamed 
plastic epoxy (Refs. A-48 and A-49) or a plastic-impregnated 
fiberglass backing to the back surface of the collector (Ref. A-50). 
For example, a layer of epoxy approximately 0.02 in. thick is 
sufficient to hold the concentrator shape. However, additional 
strength is required to withstand wind and handling loads. The 
additional rigidity can be provided by a variety of methods. The 
Goodyear 5 ft inflatable rigidized concentrator consists of three 
sections of fiberglass-reinforced plastic and a rim-ring for support. 
The 13.6 m (44.5 ft) diameter concentrator was rigidized by spray- 
coating the film with 0.025 in. epoxy, 1.7 in. polyurethane foam, and 


A-13 



then 0.025 in. epoxy. An aluminum truss structure was attached for 
support. Optical measurement of slope error indicated that maximum 
surface error ill less than which is approximately the same as 

the petal-type concentrators. 

7. Pressure-IStabilized Film Concentrators 

The deformation of film surface under the action of gas pressure 
has been applied to form concave reflecting surfaces for solar energy 
concentration. Inflatable concentrators have been constructed with 
two layers of plastic films. The lower surface is metalized. The 
upper surface is transparent and has an anti-reflective coating. The 
curvature is created by inflating the space between the two surfaces, 
which are constrained by a ring at the periphery. For large-size 
concentrators, the skin of the concentrator may consist of wedge-shape 
strips of metalized films. An inflatable mirror of 13 ft^ was built 
by Electro-Optical Systems (EOS) (Ref. A-51). The general 
configuration is that of a torus surrounding a ballon consisting of a 
front window and a rear reflector surface. 

The concentrator contour also can be created by a partial 
vacuum. A 15.2 m (50 ft) diameter concentrator concept consisting of 
a tube-constructed, conical frustum, a thin film, aluminized polyester 
film, fabric bag and a pressure maintenance subsystem, was proposed at 
Marshall Space Flight Center (Ref. A-52). A 3.9 m (12.75 ft) diameter 
concept verification model has been constructed and tested. 

Pressure stabilized concentrators have been shown to resist wind 
loads up to 5-6 m/s airspeed. A vacuum-type film-concentrator 
enclosed in a transparent bubble was proposed by Boeing to Sandia 
(Ref. A-53) to minimize the wind effect. A 2 m diameter proof-of- 
concept model is being constructed. 

The concentrating capability of a pressure-stabilized 
concentrator is moderate because of the inaccuracy of the concave-film 
surface relative to a corresponding (perfect) paraboloid. The surface 
curvature is affected by many factors: the pressure difference, seam 

arrangements and gravity effect of its own mass. For small pressure 
I differences the deflection depends lip,4arly on the applied pressure 
and the shape of the deformed surface of a vacuum-shaped or an 
inflated concentrator, resembling a paraboloid. However, at large 
deflections the slope approaches that of a spherical segment, that 
would result in spherical aberration. The radial deformation at the 
edge of an existing concentrator was assessed to be approximately 20% 
greater than that at the center (Ref. A-54). 

The mean concentration ratio of an experimental 2.7 m diameter, 
vacuum-film concentrator has been evaluated to be in the range of 400 
to 600 (Ref. A-55). However, for larger concentrator sizes the film 
strips must be seamed together, and this affects the surface contour 
as well as optical transmission. Furthermore, the stiffness of the 
film surface decreases with the diameter, and thus the concave shape 
and the concentrating capability will probably be degraded as the 
diameter is Increased. 
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^ 8. FiIm~Faceted Concentrators 

The fi In-faceted concentrator is a special case of faceted 
systems; in this case all the facets are made of inflated or vacuum 
films. A patented scheme for flat, stretched sMtalized film, under 
the influence of an electrostatic field to form a concave facet, has 
also been investigated (Ref. A^48). Circular, and hexagonal, vacuum- 
film facets have been made by stretching metalized film across a rigid 
frame with epoxy glue applied to the edge. Once the resin has cured, 
the facet may be removed from the frame and a concave surface can be 
maintained by partial evacuation. Concentrators with diameters 
ranging from 1.5 to 5 m have been constructed with 7 to 60 facets on 
paraboloidal frames made of steel angles and metal strip. The mean 
concentration ratio was assessed to be around 1700 to 2000 with 
maximum concentration ratio at the focal spot being 3000 to 3500 
(Refs. A-56 and A-57). The major advantages of the film- facet 
approach are its light weight, that requires less stringent structural 
support, and low cost. The chief disadvantage is the durability of 
the facets. Polymer film may become brittle, loses its elasticity in 
a few years, and thus requires replacement. 

9. Fresnel Reflectors 

The Fresnel-type concentrator consists of a number of concentric 
reflecting elements which usually are sections of a paraboloid. These 
elements also may be spherical or conical, and the concentrator may be 
of monolithic form (Refs. A-38 and A-59), or faceted arrangements. 

The reflecting elements can be made of polished metal, sagged 
second-surface mirror, metalized film or foam plastics. Vacuum-film 
type Fresnel arrangements have been investigated as well. 

The advantage of a Fresnel arrangement is its relative flatness, 
which facilitates less complicated structural support designs. 

However, for the same reason, it may suffer significant shading 
between reflecting elements unless very large focal lengths are 
utilized. For solar collector applications, a long focal length 
implies a more stringent requirement on the supporting structure for 
the receiver. Typical concentrator designs would have the f/D ratio 
limited to 0.6 or less. 


C. CONCENTRATOR QUALITY 

Concentrator quality is dictated by surface reflectance and 
geometrical accuracy. Surface reflectance characteristics have been 
well investigated, and their effect on solar concentrator performance 
is nearly linear. Geometrical accuracy of a concentrator depends upon 
the configuration, construction material, and tooling tolerance. 
Typically, the concentrator quality cannot be assessed until the 
surface error distribution is reasonably well determined; this 
requires at least partial fabrication of the hardware and initial, but 
accurate optical measurements. There are three types of conventional 
measurements used to determine the surface accuracy and concentrator 
quality'. (1) slope error measurements, (2) focal plane flux mapping, 
and (3) calorimetric efficiency measurements. 
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1. Slope Error Measureaenta 

Surface accuracy ia the aoat direct and fundaaMsntal quantity 
that goyema the optical tranaaiaaion characteriatica of ,,a 
concentrator. Slope error, ia linear or angular quantitiea, ia the 
degree to which an individual aurface eleaent deviatea from the ideal 
ahape at the correaponding aurface pdaition. Slope error oieaaureaenta 
have been performed either by contact or optical methoda. Contact 
probe methods have been widely used in meaauring the roughness of : 
high~gain antenna surfaces. A hard-tipped probe, moving over the 
entire surface, can reproduce the surface irregularity in a 
profilograph. Most concentrator surface slope error measurements have 
been performed with optical methods, which rely on the fact that rays 
parallel to the optical axis of a paraboloid converge ideally to a 
small focal sj>ot^' and vice versa. 

Ca the operation of an aberrograph (Ref. A-60), a narrow light ^ 
beam from a^coilimating device is directed to pass through a prism anfi 
a pentaprism so that the ray follows a path parallel to the 
concentrator axis. The reflection from the surface produces a trace 
on the photographic plate at the focal plane. The record, which 
indicates the deviation from the ideal focal position, can be related 
to local surface error. A similar method is the modified Hartman 
test, which is a modification of a test developed by astronomers for 
evaluating telescope mirrors. Surface irregularities are detected by 
tracing the rays which strike the concentrator after passing through a 
perforated mask. The Hartman test of the 9.3-ft JPL/GE concentrator 
(Refs. A-61 and A-62) employed an opaque, perforated, aluminum screen 
that had 200 small holes. An individaul hole, or a g<roup of holes, 
were uncovered successively to record the image patterns at the 
target. The para-axial ray intercept-points at the focal plane were 
established by the intersection of the major and minor elliptical 
axes. The local surface slope error can be determined analytically 
with an appropriate geometrical relationship. In addition to the 
local slope error distribution, the test data can be evaluated to 
establish the so called "Hartman factor", or "geometrical efficiency", 
which is the interception factor at a specified aperture size. 

A different type of optical instrument developed at NASA Lewis 
Research Center (Ref. A-63) employs the reciprocal principle. A small 
xenon arc lamp is placed at the focus to approximate a point-light 
source. Reflected rays would be parallel to the concentrator axis if 
the surface were ideal. The viewing instrument is a telescope, 
focused at infinity with, its optical axis aligned parallel to the 
concentrator axis. The position of the center of the image with 
respect to the telescope cross-hair can be calibrated in terms of 
local surface slope error and can be displayed to indicate both the 
tangential and radial components. The instrument can be used for 
concentrators with diameters ranging up to 6.1 m (20 ft). 

Recent development in laser ray tracing technology enables 
faster and more accurate scanning of concentrator surface (Refs. A-64, 
A-65, and A-66). Laser scanning systems used both in laboratory and 
field situations have been developed. 
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The surface slope error characteristic is the most significant 
factor that governs the optical performance of a concentrator. 
Measurement data typically are presented in the form of histograms 
such as the one shown in Figure A-8 (Ref. A'-67). Best-fit normal 
distributions are used to approximate the histograms. 

2. Flux Mapping 

. In practice, it is difficult and expensive to obtain slope error 
inf/^iraation for large-diameter concentrators. This is due to 
difficulty in accurately aligning the measurement instrument with the 
concentrator axis. An alternative method for characterizing the 
surface accuracy is to measure the solar flux distribution near the 
focal plane. Qualitative flux mapping may employ photographic or 
transient calorimetric techniques (Ref. A-68). Accurate flux mapping 
relies on radiometric or photometric methods. Radiometric methods are 
based on the thermal-emf response of a sensor. Usually, light filters 
and other devices are required to attenuate the flux intensity at the 
focal plane. Photometric methods are based on the response of photo 
cells (Refs. A-22 and A-69) or photomultipliers. Fiberoptic 
micrpphotometers (as small as 10 to ISp. in diameter) have been used to 
limit! the probe aperture. Scanning of the flux distribution at the 
focal pilane is usually performed with very short camera exposure. 

Current JPL activity in flux mapping involves a photometric flux 
scanner. Intensity values up to 10,000 times the nominal solar 
irradiance (around 1 kW/cm^) can be measured with the device. 

P.I.N. Diodes or thermoelectric sensors are placed at the end of a 
probe connector (Figure A-9)® Typical scanning periods are around 5 
seconds (Ref. A-70). 

Accurate flux mapping can be computed from a detailed surface 
error distribution. On the other hand, a measured flux distribution 
provides only integrated surface accuracy information, and does not 
contain sufficient detail to reconstruct the slope error 
distribution. If the slope error distribution truly is a random 
Gaussian function, then there exists a one-to-one correlation between 
the flux distribution and the slope error standard deviation, (T 3 . 

Figures A-10 and A-11 display the flux distributions on planes 
parallel to the focal plane that were calculated for a concentrator 
composed of spherical facets in trapezoidal shape. The diameter of 
the concentrator is 11 m; the f/D ratio of the paraboloidal 
substructure, as well as the composite concentrator, is 0.6. A single 
radius of curvature of 612 in. is being considered for all faceted 
spherical mirrors. Two levels of slope errors were considered in the 
flux distribution computation, namely, (Tg = 1 mrad and 
o-g = 2 mrad. 

3. Calorimetric Measurements 

The major drawback of a flux mapping measurement is that the 
numerical data are relative, not absolute, and the sensor may have 
different sensitivities at different wavelengths and different 
intensities. The thermal performance assessment of an existing 
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Figure A-8 . Representative Siope Error Histograms 
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Figure A-9. JPL Solar Flux Mapper 
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Figure A-10. Representative Flux Mapping with 1 mrad 
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Figure A-11. Representative Flux Mapping with 2 mrad 
Slope Error 
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concentrator is accomplished best by calorimetric measurements. The 
calorimeter may be equipped with apertures of different sizes (e.g.» 
interchangeable orifice plates , with apertures of various diameters: ,, 

then the calorimetric results can be correlated with the flux mapping ' 
data. \Different types of calorimeters for solar investigations have 
been constructed (Ref. A-71)j basically^ they resemble the shape of a 
cavity receiver. The cavity wall is surrounded by tubes to convey 
coolant water flow during a test. Test data are obtained by 
simultaneous recordings of fluid flow rates and the temperature rise 
in the fluid. Flow rate is adjusted so that the water temperature 
rise is sufficiently small and radiative (aperture) heat loss to 
ambient is negligible. The orifice plates are water cooled to prevent 
heat radiation internally to the cavity. "Universal Calorimeters" are 
designed to have a diaphragm with multiple apertures on a common water 
cooled disc. Turning the disc about its axis would yield different 
orifice plate openings without interrupting the experiment. 

A typical series of calorimetric tests consists of measurements 
for various aperture diameters. Calorimetric efficiency! which is 
defined as the ratio of the energy collected) by a cavity- type cold- 
wall calorimeter, to the total energy incident in the concentrator, 
can then be established as a function of the aperture diameter. Many 
of the published data are presented in terms of the so-called 
"Concentration Ratio", which is the ratio of the net projected 
reflector area of the concentrator to the area of the calorimeter 
aperture. Figure i(^12 s//iows the performance of various concentrator 
models constructed in the 1960s. The data are based on those 
published in References A-72 and A-73. It can be seen that large 
variations existed in surface reflectance, as well as in the 
geometrical accuracy of the different concepts. 

It should be pointed out that the energy balance relationship is 
similar to that of a solar receiver, see Eq. 2.1, except that the heat 
loss from a cold wall calorimeter is negligible. The energy equation 
would take the following form: 


Qc = pi Ac G $^eff (A. 3) 


the calorimetric efficiency would be 


^cal ~ Qc / Acl “ pG $ ®eff (A. 4) 


There is a constant relationship between the calorimetric efficiency, 
^cal interception factor; in fact, the interception factor, 

can be viewed as a normalized calorimetric efficiency. Figure A-13 
shows the variation of interception factor as a function of receiver 
aperture size; note^ estimates for the Omnium-G module. The same 
relationship is pr4^anted in Figure A-14, (solid curves) in terms of 
the concentration ratio, CR = (D/2R)2. calorimetric efficiency data 
(shown in Figure A-12) were normalized' and presented for comparison. 
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CALORIMETRIC EFF ^ 


(a) -O- FRONT TORUS NICKEL (Ref. A- 16) 

(b) -•-REAR TORUS NICKEL (Ref. A-73) 

(c) -A- STRETCH FORMED ALUMINUM (Ref. A-20) 

(d) 9.5 ft JPL/GE NICKEL (Ref. A-17) 

(e) -0-5 ft CAST PLASTIC ALUMINUM HONEYCOMB (Ref. A- 23) 


(f) 15.75 ft ALUMINUM PETAL (Ref. A-38’ 

(g) -V-4.27 ft NICKEL PETAL (Ref. A-3?) 

(h) SUNFLOWER (Ref. A-5?) 

(i) »<>- INFUTABLE (Ref. A-39) 

(i) UMBRELLA (Ref. A-51) 


CONCENTRATION RATIO, CR 


Figure A-12. Experimental Calorimetric Efficiency Data for Various 
Existing Concentrators 
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Figure A-13. Theoretical Interception Factor versus Receiver Aperture Size 


INTERCEPTION FACTOR 


-- O— FRONT TORUS NICKEL (Ref. A-16) — SUNFLOWER PETAL (Ref. A-59) 

9.5 ft JPl/GE NICKEL (Ref. A-17) -- O— INFLATABLE (Ref. A-39) 

5 ft CAST PLASTIC ALUMINUM HONEYCOMB (Ref. A-23) —X— UMBRELLA (Ref. A^5l) 



Figure A-14. Entercepti^ Factor versus Concentration Ratio, Theoretical 
Prediction and Experimental Results for Various Models 


NORMALIZED CAORIMETRIC EFFICIENCY 




The monolithic electro-formed nickel concentrators (Ref. A-17) 
had a surface slope error less than 1 mrad. The stretch-formed 
aluminum 1,5 m (5 ft) diameter concentrator (Ref. A-20) had lower 
surface reflectance and less accurate geometry, corresponding to a 
slope error <Tg around 1 to 1.5 mrad. The 9.5 ft JPL/GE electro- 
formed nickel concentrator (Ref. A-17), currently at Table Mountain, 
Calif., had a low surface reflectance because the master had a 
slightly etched surface. The annular area near the rim was found to 
have a shorter focal length than the remainder of the concentrator. 

The corresponding slope error also was in the range of 1 to 1.5 mrad. 
The cast-plastic aluminum honeycomb model constructed at Boeing (Ref. 
A-23) was not as good as that of the electro-formed concentrators. 

The corresponding slope error was around 2.5 mrad. The three petal 
type concentrators built in the 1960s had performance characteristics 
in the same general range. The 15.75 ft diameter aluminum honeycomb 
petal-model (Ref. A-38) and the 4.27-ra diameter electro-formed nickel 
petal concentrator (Ref. A-3S0 had very similar surface accuracy. The 
calorimetric data for the 32,2 ft diameter "Sunflower" concentrator 
was for just a single petal, and did not include the alignment 
errors. All three petal-type concentrators are in the 3.5 to 5 mrad 
slope error range. It is interesting to observe that the estimated 
Omnium-G interception factor relationship (Figure A-13) also indicates 
that the effective surface slope error* is between 3 mrad and 5 mrad. 

The inflatable rigidized 10 ft model (Ref. A-48) and Fresnel 
concentrator had about the same calorimetric efficiency. The 4.72 ft 
diameter inflatable paraboloidal concentrator (Ref. A-39) had 
relatively low performance because of front-surface transmission/ 
reflectance loss, as well as poor surface accuracy. The concentrating 
ability of the umbrella-type concentrator (Ref. A-5) was quite poor, 
due mainly to the poor accuracy of the surface gores between ribs. 

The corresponding effective surface slope error would be greater than 
10 mrad. 


*Twenty percent of the concentrated solar image was within a 3-cm 
diameter circle (core), 87% was within a 6-cm circle, and 97% was 
within a 10-cm circle (Ref. A-35). 
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APPENDIX B 


RECEIVERS 


The function of a receiver is to capture solar energy reflected 
from the concentrator and to transfer it to a working fluid at the 
state conditions required by the power conversion unit. Basically, 
the receiver is merely a heat exchanger. Solar receivers fall into 
two categories: (1) the exposed-tube (or external) type, and (2) the 
cavity type. Exposed-tube designs usually are associated with special 
types of collector systems such as the Crosbyton/PERICLE concept, 
where the concentrator is stationary, or with a stationary receiver 
design, ii^or two-axis, tracking point-focusing concentrators with 
receivers mounted near the concentrator focal plane, the exposed-tube 
receiver designs were considered to have significantly poorer thermal 
performance in comparison to a cavity type (Ref. B-1). In the present 
study, only the cavity-type receiver is considered. The general 
configuration of a cylindrical cavity receiver is shown in Figure B-1, 
and consists of an orifice plate (which forms the aperture), the 
cavity body/supporting structure, an absorber/heat exchanger, and 
appropriate insulation. 


A. CAVITY RADIATIVE CHARACTERISTICS 

Thermal radiation in an enclosure is strongly affected by the 
temperature level and distribution, the surface optical properties, 
and the geometrical configuration. Accurate heat transfer analysis is 
complex due to multiple specular reflections and non-uniform thermal 
emission. Ideal cavities are isothermal but this condition is 
achieved rarely in practice. However, many approximate approaches 
have been developed, and reasonably accurate heat transfer assessments 
can be obtained for most practical situations. Conventionally, cavity 
radiative characteristics are expressed in terms of "apparent" or 
"effective" emittance, c eff» absorptance, The effective 

emittance is defined as the ratio of radiative efflux from the 
aperture at the effective temperature, to the rate of emission by a 
black body at the same temperature. The effective absorptance is 
defined as the ratio of absorption of radiant energy in the cavity to 
the rate of incoming radiant energy. A closed-form expression by 
Gouffe (Ref. B-2), shown in Equations B.l and B.2 has been used as the 
basis of a shallow-hole method for measuring the emittance of 
non-metals at high temperature. 
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where 

Aq/A|^ = the ratio of areA of cavity aperture to total wall 
area (including the opening) 


For a cylindrical cavity with radius, R, and length, L 



fg = Gouffe's view factor, which is the fraction of the 
reflected flux that is returned through the opening 
without considering a second reflection. 


For a diffuse cylindrical cavity (Ref. B-3), 


f = 
g 


1 



The expressions were derived assuming that the surfaces are diffuse 
and gray, and that the radiosity is uniform in all directions. In 
recent years , more rigorous expressions have been derived based on an 
energy balance integral equation. Solutions for general configura- 
tions were evaluated through numerical computation (Refs. B-4 and 
B-5). A closed-form solution was derived for spherical cavities (Ref. 
B-3) and is shown in Equations B.3 and B.4. 
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where is the opening angle of a spherical cavity (inset of Figure 
B-2). Numerical results of a computation are shown in Figure B-2. 

Comparisons of the analytical expressioa with experimental data 
at NBS (Ref. B- 6 ) led to the conclusion that the Gouffe's expression 
and the more rigorous numerical results predict cavity effective 
emittance to within 0.01 when the wall material is a good diffuse 
reflector. If the cavity material has a relatively large specular 
component, at large angle of incidence, the analytical expressions 
still agree with the experimental data for a cylindrical cavity with 
L/r "0.5. However, agreement becomes progressively poorer as the L/ 
ratio increases. The difference observed at L/r =* 2.0 was 3.5Z. 
Numerical evaluation also has confirmed that a specular reflecting 
cavity is a more effective emitter and absorber than the diffusely 
reflecting cavity (Ref. B-7). This is true especially for cavities 
having large ratio and walls with low surface emissivity, 

£ 3 , cr solar absorptivity, O 3 . 

In practical engineering computations, the effective cavity 
characteristics may be expressed by simple textbook expressions (Ref« 
B- 8 ) as shown in Eqs. B.5 and B. 6 . 
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The derivation assumes that, in addition to having gray diffuse 
surfaces, the view factors between surface elements and the aperture 
are constant everywhere, and the interior surfaces are gray and 
diffuse. The expressions are simple to use and yield reasonably 
accurate results. Figure B-3 shows the numerical value of cavity 
emittance (or absorptance) in terms of the surface optical properties 
and the geometrical area ratio. Excellent agreement between Figures 
B-2 and B-3 confirms the validity of the simplified expressions for a 
cavity similar to that of a spherical cavity. 

B. ‘ ABSORBER ARRANGEMENTS 

The absorber/heat exchanger design is the most critical element 
of the receiver. The absorber requirements are governed strongly by 
the type of working fluid, the operating temperature, the material 
selection, and the solar flux distribution on the absorber, and the 
cavity configuration. Figure B-4 shows the variation of solar flux 
distribution along a cylindrical cavity wall^ for various cavity 
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radii. The local heat transfer between the absorber and the working 
fluid is governed by the heat transfer coefficient and the wall-to- 
fluid temperature difference: 

J = h (T - T,,) (B.7) 

w w fl 


The local coefficient of heat transfer, h^, is determined by 
the thermophysical properties of the fluid and flow characteristics 
such as flow velocity and pressure. It is necessary to have a 
sufficiently high coefficient of heat transfer to limit the 
temperature differentials and to prevent possible burnout. Figure B-5 
(Ref. B-9) shows several typical flow arrangements. One of the 
critical dimensions is the diameter of the heat exchanger tubes, which 
affects both the heat transfer coefficient, h,,, and the fluid 
friction pressure loss. Total heat exchanger area requirements are 
governed by the total thermal Energy input to the receiver, the 
thermophysical properties of the working fluid, and the flow 
arrangement. An undersized abt^orber could result in an excessive mean 
temperature difference between^the fluid and the receiver, resulting 
in high-temperature heat losses. On the other hand, an oversized 
receiver might lead to an unacceptable weight increase and large 
conductive heat loss. Figure B-6 shows the heat transfer area and the 
mean absorber temperature differential relationship for typical 
receivers with 60 kWth output and different types of engine/working- 
fluid arrangements (Ref. B-10). 


C., RECEIVER HEAT LOSSES 

Thermal energ3» losses from the receiver include three 
contributions: (1) radiative heat loss through the aperture, (2) 
convective heat transfer to the airiivient air through the aperture, and 
(3) conduct ive/convective heat loss! through the receiver insulation. 

1. Radiative Losses >> 


Thermal emission from the cavity receiver is governed by the 
effective receiver temperature, Tj-, and the effective cavity 
emittance, €gff. 
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Figure B-5 . Typical Solar Absorber Arrangements 
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The effective emittance is a direct function of surface emissivity and 
the cavity geometrical configuration. The application of selective 
coatings may improve the receiver effectiveness (Ref. B-11). However, 
very little research has been devoted to high-temperature selective 
coatings due to a lack of suitable materials and a significant 
mismatch between the solar spectrum and the high-temperature infrared 
emission spectrum. The effect of selective coatings is not included 
in the present investigation. Flat-black absorbers with a surface 
absorptance and emittance of 0.8 are assumed. 

2. Convective Losses 


Convective heat transfer relationships between the cavity and 
the ambient air are complex (Ref. B-12) because both natural (free) 
and forced convection components are involved. 

a) Free Convection . Without bulk air movement, the 
convective heat transfer of a surface involves air motion induced by. a 
fluid density gradient, a result of a temperature difference between 
the absorber and the ambient air, and the action of gravity. This is 
referred to as free (natural) convection. Generalized heat transfer 
relationships for free convection of surfaces are expressed in terms 
of dimensionless parameters (Ref. B-13). 


Nu = 0.736 (Gr • Pr)l/^: Laminar Range Gr. Pr <10® 

Nu = 0.3 (Gr • Pr)l/^: Turbulent Range 10® <Gr • Pr <10^2 

where 
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Nusselt number = — 

K 

Grashof number = Bg (AT) L®/v^ 

Prandtl number = Cp v/K, for air Pr ~ 0.72 
Convective coefficient of heat transfer 
Thermal conductivity of air 
Receiver length 

Coefficient of thermal expansion (air) 
Gravitational constant 

Temperature difference between a surface and the 
ambient air 

Kinematic fluid viscosity 


For a flat plate tilted at an angle , t , with respect to horizontal, an 
approximate relationship is hf^ = 0.71 hjj (sinT)i/®, (Ref. B-14), 
where hf^ is the coefficient of heat transfer at the front surface, 
and hj^ is the coefficient of heat transfer for a horizontal plate. 

No accurate correlation is available for the back surface of a flat 
plate. An approximate expression was suggested (Ref. B-15), and a 
reasonably good agreement with test-data correlations was observed as 
based on the heat transfer coefficient for a vertical plate, hy. 
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For a tilted cavity, the cavity wall- temperature is not uniform 
and the tilt angle is a function of the sun position. As a first 
approximation, it is reasonable to utilize the average effects of wall 
temperature and tilt angle. The corresponding average, free 
convection coefficient is: 


h, = 6 X lO'^ (T - T kW/m^-°C 

t e a 


<B.10) 


where 

hf = average coefficient of free convective heat transfer 
Tg = average cavity temperature 

b) Forced Convection . Forced convection (wind) over the 
cavity aperture involves a large number of variables such as wind 
speed, wind direction, cavity configuration, etc. A generalized 
correlation is too complex to handle. An approximate approach is to 
treat the cavity opening as a flat plate with effective temperature, 
Tg. The classical heat transfer relationship for a flat plate 
geometry is 

Nu = 0.664 Re^/2 Pr^/^ 

where 

Re = Reynold's number = VD/y 

V = free stream fluid velocity 

V = Kinematic fluid viscosity 

Field test data (Refs. B-13 and B-16) indicate that an assumed linear 
relationship between the forced convection heat transfer coefficient 
and the wind speed yield reasonably good heat transfer results; a 
satisfactory correlation is; 


H 'v 0.002 V 


(B.ll) 


where 

H = forced convection heat transfer coefficient 
V = wind speed m/sec 

In engineering practice it has been an accepted approximation to 
superimpose the effects of free and forced convections. 


Q = A (h^ + H)(T - T ) 
conv o f e a 


(B.12) 
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Conductive Losses 


Conductive heat loss through the receiver insulation is 
dominated by the insulation thickness and thermal conductivity** 


Q , » A h (T - T ) 
xond wee a 


where 

Ql = conductive heat loss through insulating walls 
= effective cavity wall area 
hg = effective conductive heat loss coefficient. 

Representative values of the heat loss coefficient, h^, are shown in 
Figure B-7 for a spherical receiver (Ref. B-10). The insulation 
material is considered to be a typical type of flexible Min-K 
insulator from Johns-Manville (Ref. B-17) with an average thermal 
conductivity of K = 0.052 W/m-°C. 


*Thermal resistance in the insulation layer (conduction) is usually 
much more significant than the convective heat transfer at the outer 
surface. 
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EFFECTIVi 


Figure B-7. Representative 
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POWER CONVERSION UNITS • 1 

, f 

i 

I 

! 

A wide variety of thermodynamic cycles and a large range of | 

engine power capacities have been considered for solar thermal | 

applications. The engine efficiency is governed by the cycle ^ 

characteristics, the working fluid properties, operating temperatures, 
and capacity/load conditions. The efficiency of the generator/ j 

alternator assendbly increases, to some extent, with increasing system | 

size. Detailed surveys of power conversion subsystems for solar 
thermal applications are available for state-of-the-art as well as 

advanced power conversion systems (Refs. 0-1, C-2, and Appendix A of I 

C-3). 

In the present study simple Rankine and Brayton engine 
subsystems were considered (Section II, Part B); only relevant 
efficiency characteristics are reviewed briefly herein for 
illustrative purposes. 


A. STEAM RANKINE UNITS 

The basic steam Rankine cycle operates as follows: water is 

pumped under pressure into a boiler (receiver in the case of solar 
applications) where it is heated to a vapor or superheated state. The 
steam is then expanded through turbine blades (or pistons) to produce 
mechanical energy. The low pressure steam emerging from this 
expansion process is condensed to water and then pumped under pressure 
back to the boiler to complete a cycle. 

Steam Rankine turbines have been used widely in electric 
utilities for conventional fossil-fueled and nuclear power generation 
stations, Rankine-cycle thermal efficiencies are in the 37 to 43% 
range at operating temperatures around 538°C (1000®F) for large 
central power stations with 100 to 1000 MW capacities. Small steam 
Rankine systems have relatively lower efficiencies. Current 
projections of small reciprocating engine and single-stage turbines in 
the 15 to 100 kWe range indicate a power conversion efficiency 
(including generator/alternator) around 20% at 538°C (1000°F) 
steam temperature. Advanced development of small steam Rankine 
systems incorporating a reheat cycle and higher pressure/temperature 
combinations may improve overall efficiencies to 30%, or higher. 
Typical steam Rankine power performance characteristics versus plant 
size are shown in Figure C-1, (Ref. C-4). The relative variation of 
efficiency with inlet steam temperature is shown in Figure C-2; here, 
relative efficiency is referenced to a 1000°F operating condition. 

Note that the theoretical steam Rankine efficiency rises less steeply 
with cycle temperature than does the Carnot cycle efficiency. 
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Figure C-1. Comparison of Performance of Advanced Steam Engine/Generator Sets 
with Commercial Steam Turbines 
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Figure C— 2. Steam Rankine Power Conversion Efficiency versus 
Steam Temperature 
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B. GAS BRAYTON ENGINES | 

i 

The Brayton cycle has been utilized extensively in the gas | 

turbine, e.g., the jet engine. The engine efficiency depends on peak j 

cycle temperature, pressure ratio, effectiveness of the recuperator, I 

turbine and compressor mechanical efficiency, and ambient temperature. | 

The operating principles of an ideal gas turbine cycle are well known. | 

The working fluid is compressed isentropically to a pressure higher 
than the inlet value. Heat ,£s then added (combustor or solar 

receiver) to increase the gas temperature at constant pressure. The j 

high- temperature, high-pressure gas then undergoes insentropic 

expansion in the turbine producing the work necessary to drive the 

compressor, auxiliaries, and the load. The turbine exhaust is at a ' 

higher temperature than the compressor discharge so that it is usually 

advantageous to employ a recuperator to recover part of the exhaust 

heat, which is transferred to the compressed working fluid. 

Brayton cycles may be operated as open (air) or closed systems. 

A number of working fluids, such as helium, argon, etc., that have 
better heat transfer properties than air, may be used in closed-cycled 
machines. Gas turbines commonly are used by utilities to generate 
electric power during peak demand. A large closed-cycle air turbine 
producing 60 MWe was assessed to have a power conversion efficiency 
around 42% at an inlet temperature of 1500®F (820°C) (Ref. C-5). 

The cycle efficiency of small Brayton engines at (820°C) was 
assessed to be 33.4% and 35.6% for open-air and closed-cycle helium 
systems respectively (Ref. C-6). Brayton cycle efficiency may be 
increased using higher inlet temperature, and improvements in turbine 
compression ratio and recuperator effectiveness (Ref. C-7). Large gas 
turbines may utilize multi-stage compressors, compressor stage 
intercooling, and turbine reheat to improve performance; Figure C-3 
shows the estimated Brayton open-cycle performance vs. engine size. 

The dependence of Brayton cycle efficiency on engine operating 
temperature is illustrated in Figure C-4 along with the curve for the 
Rankine cycle (from Figure C-2). The Brayton curve has a steeper 
slope, which implies that Brayton cycle efficiency can be 
significantly improved using higher operating temperatures. Material 
cooling considerations limit the cycle temperature to about 1600 to 
1800°F, at the present time. Higher temperatures require cooling of 
metallic turbine blades. Research in ceramic turbine blade technology 
may extend the operating temperature range to 2500°F, or higher. 

The effectiveness of the recuperator, E, is another important 
factor governing the -performance of the Brayton engine. Figure C-5 
(Ref. C-7) shows the effects of recuperator effectiveness for 
different turbine inlet temperatures. Although high recuperator 
effectiveness is desirable, it also implies high cost and weight 
associated with the heat exchanger requirements. 

Part-load characteristics of the candidate power conversion 
subsystems were, discussed previously in the text (Section II, Part B). 
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Figure C-4. Bray ton Cycle Efficiency versus Operating Temperature 







Figure C-5 


Maximum Thermal Cycle Efficiency of Simple 
and Recuperated Gas Turbines 


APPENDIX C 


REFERENCES 


C-1. "Application of Solar Technology to Today's Energy Needs," Vol. 

I, Office of Technology Assessment (OTA), Congress of the United 
States, June 1978. 

C-2. Mroz, T., et al., "Handbook of Data on Selected Engine 

Components for Solar Thermal Applications," DOE/NASA-1060-78/1 , 
NASA TM-79027 , Advance Copy, NASA Lewis Research Center, 
Cleveland, Ohio, November 1978. 

C-3. Fujita, T., et al., "Techno-Economic Projections for Advanced 
Dispersed Solar-Thermal Electric Power Plants to Years 
1990-2000," DOE/JPL-1060-4, JPL Publication No. 78-12, November 
1978. (See Appendix A, Survey of Advanced Energy Conversion 
Systems) 

C-4. Bailey, M. , private communication, NASA Lewis Research Center, 
Cleveland, Ohio, 1978. 

C-5. Schroeder, J., "Advanced Central Receiver Concepts," Boeing 

Engineering and Construction paper presented at U.S. Department 
of Energy Semi-Annual Review, San Diego, California, March 2-3, 
1978. 

C-6. Heller, J. A., private communication, NASA Lewis Research 
Center, Cleveland, Ohio, 1978. 

C-7 . Bloomfield, H. S., and Calogeras, J. E., "Technical and Economic 
Feasibility Study of Solar/Fossil Hybrid Power Systems," NASA 
TM-73820, NASA Lewis Research Center, Cleveland, Ohio, Dec. 1977. 


C-8 


